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Commentary on
Draft Toxicological Profile for Ethylbenzene

This is a well-written, readily understandable, balanced and non-judgmental
document that summarizes a great amount of literature for ethylbenzene {(EB). For the
most part, except as noted in the Specific Comments, the vocabulary choices were
appropriate for the intended audience. The authors write in a straightforward, easy to
understand style that is not threatening to their audience despite the technical nature of
their subject matter. The authors are commended for their effort at distilling complex
and sometimes conflicting scientific information into a comprehensible treatise. In the
paragraphs that follow, issues will be raised that may criticize certain aspects of the
report, but these are brought forward for the purpose of improving the document. Some
of the following general comments may be redundant with the items raised in the
Specific Comments.,

My areas of expertise are toxicology (with emphasis on reproductive and
developmental toxicity) and risk assessment. While questions about the details of the
exposure assessment are best left to persons with expertise in that area, | want to make
two general points about the exposure chapter of the report. First, it seems to me that
an important scenario that should be considered is that of a hobbyist (adult and child).
Hobbyists use glues, paints and varnishes in workshops that may not have full
ventilation; their faces are often quite close to the items on which they are working,
which enhances inhalation of vapors. This group is likely to be highly exposed and
should be considered more fully. Second, children's exposure should be divided into
age segments that reflect their activities. If data were available, the age ranges would
include less than three months; three to twelve months; 1-2 years; 3-5 years; 6-8 years;
9-14 years; 15-18+ years. While all of these groups may be beyond the scope of this
generalized report, certainly the exposure values for infants and toddlers differ from
children in school, who also differ from teenagers. | believe that 9-14 year old hobbyists
or 15-18 year old hobbyists might become the most highly exposed groups. While there
may be few effects of EB exposure, it would be good to at least consider these age
groups to ensure that they are likely to be harmed.

The literature concerning EB has been well-searched and adequately
summarized. Nevertheless, the report can be strengthened in five areas. Each of these
areas has at least one specific comment in the following section (which also provides
page and line locations).



First, papers that report positive but are mediocre should be cited in a way that
reminds the readers of the weakness of their findings. The best example in this report is
the paper by Ungvary and Tatrai, which attempts to provide developmental toxicity
information from dose-response inhalation studies of 8 chemicals in three experimental
species. The paper also provides data on body fluid concentrations of the chemicals on
test. All of this is presented in a 5 page manuscript that states that EB caused
unspecified anomalies of the urogenital tract. This reference is more of an expanded
abstract than a manuscript. In contrast, several other guideline-compliant studies (i.e.,
the Faber el al reports) that have investigated EB’s developmental toxicity at comparable
doses and have published fully documented reports in the open literature, have not
found any anomalies. The apparent impact of the Ungvary and Tatrai (by the number of
times it is cited and the amount of space devoted to it) should be reduced.

Second, statements to the effect that it is not known of EB crosses the placenta
should be removed. Virtually every molecule under 600 daltons crosses the placenta.
Molecules with structures similar to EB (e.g., toluene and the xylenes) readily cross the
placenta.

Third, the metabolism of EB is nicely summarized, but there is no (or little)
consideration of age-dependent kinetics or metabolism. While there is little in the
literature addressing these issues, the report could at least mention that these are areas
that contribute to uncertainty with respect to infants and children as well as the aged.

Fourth, the ATSDR text that introduces section 3.7 does a good job of presenting
the concepts that children are not merely small versions of the adult and that
development continues past birth. However, the statement that development is
complete by age 18 is misguided by being too proscriptive. Muscle mass continues to
accrete in males until the beginning of the third decade. The function of the brain (as
measured by EEG recordings) is not mature until about age 25. Perhaps the wording
could be altered to state that most development is complete by the early 20's (it is better
to be non-specific about exact dates).

Fifth, the authors must be cautious about including in vitro data. Specifically, the
experiments that studied ED effects on synaptosomes suggested that EB's impact could
be ameliorated by stabilizing the membranes. This may work well in vitro, but the
stabilization itself could have untoward effects in vivo.

With respect to the Regulations and Advisories (Section 8), the authors should
point out that the EPA RfC for EB is 1mg/m® which is equivalent to a concentration of



0.23 ppm and that that value compares favorably with the ATSDR-derived intermediate-
duraticn inhalation MRL of 0.2 ppm.

In conclusion, the Draft Toxicological Profile for Ethylbenzene needs a few minor
alterations, but in the big picture it is a well executed document that is suitable for its
intended audience.



Specific Comments

Page 3, Consumer Products, Bullet 4: varnishes and paints

Page 13, line 1. Do the authors mean to say: for 3 weeks prior fo mating? Three
weeks is a very long mating period.

Page 13, line 7: By “caudal weight” do the authors mean to say “weight of the caudal
epididymis"?

Page 13, line 25. ...irritation and lacrimation have been...

Page 14, line 4. What is meant by “neoplastic tumors"? Do the authors mean
“malignant tumers” or “neoplasms” or some other term?

Page 15, lines 1-16: The authors should mention that, based on human observatlons
the rat appears to be the more appropriate animal model.

Page 16, line 34 (and throughout): Correct spelling is uropoeitic. Also, the terminology
used by Ungvary and Tatrai is uninformative. The actual anomaly should have been
described in the original report. Their statement could be anything from a major
malformation (e.g., renal agenesis; polycystic kidney; horseshoe kidney) to a non-life
threatening anomaly (e.g., duplicated Ureter; partially ascended kidney) to alterations
which may be corrected shortly after birth {(e.g., dilated renal pelvis — sometime mistaken
for hydronephrosis). Itis unfortynaie that this poorly documented paper gets so much
attention.

Page 17, lines 6-7. Statements should be made about the quality of the studies. For
instance, the Faber studies were guideline compliant developmental toxicity studies with
good reporting and complete examination of fetuses where as the Ungvary and Tatrai
study is extremely weak for use in assessing risks.

Page 17, lines 30 ff: 1 do not understand the logic of the statement being made. First,
there were changes in weights of liver and kidney, but no alterations in histopathology.
Then how did the organs enlarge? |s there more tissue present? If the weight change is
due to fluid retention, this should have shown up in the histopathological sections. If no
alterations in histopathology were observed (and this is usually more sensitive than a
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change in gross weight) then [ have difficulty seeing how the weight change,
unsupported by a histological correlate, suggests that these tissues are sensitive targets.

Page 20, line 27: The name of the test performed is a two-generation reproductive
toxicity test,

Fage 26, lines 21-22: The first sentence is repeated.
Page 35, line 23: The sentence should read ...observed in animals ...

Page 37, line 25: Suggest replacing “postimplantation death” with “postimplantation
foss".

Page 39, lines5-14. The Ungvary and Tatrai study is again presented. Documentation
for this work is quite minimal. The authors performed inhalation studies of 8 chemicals
in each of 3 species and allegedly performed a full developmental toxicity evaluation
plus chemical analyses of various fluids. The reported their resuits in a paper that is
only 5 pages long. Rather than providing data, for the most part the authors just give us
their conclusions. The problem is that there is no way to independently evaluate their
claim of “retarded skeletal development” (line7); how was this determined? Were there
criteria for this? What were they? |s this merely a general impression of the authors? If
so, how did they arrive at the percentages reported in the paper? While it may be
important to include this paper for completeness, the paper's value for risk assessment
is poor. As mentioned, if the Ungvary and Tatrai paper is the only source for the non-
specified “uropoeitic apparatus” anomalies, and there are several well-documented
guideline-compliant studies that did not find malformations of the urogenital tract,
statements about this condition should be deleted or strongly modified to indicate the
weakness of the source.

Page 40, line18: The word 'tests” is missing from the Second sentence —
Neurobehavioral tests conducted...

Page 41: Dropped word - ...significantly grater than in the control...
Page 50, line 33: Formatting error; cm?

Page 52, line 4: Formatting error: cm? also note that the units for the second value are
incorrect.
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Page 56, line 8: The authors do not mention the radiolabel; however, they state that they
found metabolites in the expired carbon dioxide. Do they mean that EB is metabolized
to CO, and C"was detected or did they mean to say that they looked for EB in expired
breath?

Page 65, line 33: Why did the authors pick 18 years as the time when all biclogical
systems have fully developed? Certainly most of the organs are morphologically mature
in most people by that age, but the muscular system among males continues to mature
past that age and the brain does not reach full maturity until ~25 years. This could be
corrected by not making the rather firm statement about all systems being fully
developed by 18.

Page 66, line 30; Delete “all” from “in newboms who all have...”

Page 67, lines 13 -16. Once again, it must be noted that Ungvary and Tatrai did not
report the specific effects that they claim are anomalies of the urogenital tract.
Consequently, the statement about EB causing urinary tract anomalies is unsupported
by data.

Page 67, Lines 26-27: The staterment that "It is not known if ethylbenzene crosses the
placenta” is shocking. First, virtually everything crosses the placenta. Secend, the
Ungvary and Tatrai paper claims to have found the tested xylene-related chemicals in
fetal blood and amniotic fluid. 1 suggest dropping this sentence. The other sentences
remain true. And | do not think it would be appropriate to cite Ungvary and Tatrai for the
purpose of demonstrating that EB crosses the placenta.

Page 71, line 10: Dropped word - ...with pig skin treated...

Page 73, line 7: Obtundation is likely not going to be understood by most of the general
population. Consider other terminology like “stupor” or “decreased alertness.”

Page 73, lines 10-11: | do not understand the part of the sentence that appears to state
that swallowing is a direct route to the lungs.

Page 74, lines 3-6: The in vitro findings relative to synaptosome preparations are
interesting, but putting forth in this document the notion of stabilizing the membranes to
prevent EB from entering the lipid bilayer as a protective mechanism seems out of place.
This would not work in vivo because 1) stabilizing the membrane would likely interfere
with the capacity of the synapses to work efficiently and 2} agents that affect the
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membranes of neurons at the synapse would also affect other membranes throughout
the body. These sentences could be deleted without affecting the flow or quality of the
document.

Page 90, line 18: The decimal point is missing from "0.7+02".

Page 118, line 29: In the rest of the document, the spelling used is: absorbent.

Page 125, line 26: Delete a from “.._dividing the a NOAEL...”
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McDougal page 1

SUMMARY REPORT FOR REVIEW OF TOX PROFILE FOR ETHYLBENZENE

CHAPTER 1. PUBLIC HEALTH STATEMENT
Under the section — How can families reduce the risk of exposure to ethylbenzene?:

The recommendation to limit exposure to tobacco smoke should be eliminated. It is true that
ethylbenzene (EB) is a component of tobacco smoke, but the amounts are too small to provide any risk.
This recommendation makes ethylbenzene seem like a dangerous compenent of second-hand smoke when

it is very unlikely to cause harm at levels that occur.

CHAPTER 2. RELEVANCE TO PUBLIC HEALTH
2.1 Background and environmental exposures

Exposure conditions are not adequately described. This document reports exposures without describing
their importance - leaving the reader to believe that they are much more important that they actually are.
This section needs to be put into perspective. Someone from the general public reading this would get the

wrong impression about the impact of EB on public health. Examples are:

Page 9, line 13 —“routine human activities, such as driving automobiles, boats, or aircraft, or using
gasoline powered tools and equipment, release ethylbenzene to the environment”. This is a true
statement, but without the proper perspective, an individual might be concerned about this when the
actual amounts released are many orders of magnitude below the levels that have been shown to cause

health effects.

Page 10, paragraph starting line 4 discussed EB in food and ETS. Without perspective the reader might
think these were important sources of exposure. Also, the ETS concentration should be converted to ppm

for the reader (approx .0018 ppm).

A paragraph at the beginning or the end of section 2.1 should say something like: Environmental and
background exposures to EB are generally very small and therefore have minimal impact on public heath.
Trace levels of EB can be found in internal combustion engine exhaust, food, soil, water and second-hand
tobacco smoke,but at levels that are well below those that have been shown to have toxic effects in

laboratory animals or human exposure studies.
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McDougal page 2

2.2 SUMMARY OF HEALTH EFFECTS

Page 15 — because there is such a big difference in ototoxic effects between guinea pigs and rats, the
authors should try to find evidence about how chemical-induced ototoxicity differs between species rather
than using rats as representative of humans. It is likely that this level of sensitivity is not found in humans

and therefore not of such concern.

2.3 MRLS

Page 19, line 3 - text says partition coefficient (Blood/gas) in animals is greater than in humans. A default
value of one is used. The difference between the partition coefficients should be documented and
referenced. This default value is a conservative assumption that probably negates the need for the 3-fold

safety factor for extrapolation.

CHAPTER 3. HEALTH EFFECTS

Section 3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

In general, the discussion of health effects seems to be complete and thorough.

Page 26, line 21 & 22 — sentence about lack of inhalation lethality reports in humans is repeated.

Page 26, line 23 — Lethality to gasoline should not be reported without putting the amount of EB in
gasoline in perspective, i.e. about 1%. Not only is it “not possible to determine the extent to which his
death was due to exposure to ethylbenzene versus the other components of gasoline”, it is extremely

unlikely that it was due to EB.

Page 45, line 12 - Probably not fair to characterize that as a dermal exposure without a lot of caveats.
First, as pointed out above EB makes up about 1% of gasoline. Second, in a closed environrr;ent, the
exposure to all the volatile components of gasoline would be much more likely to be by inhalation
(inhalation was only mentioned as another route). This study should probably not be listed under dermal

effects.
Section 3.3 GENOTOXICITY

Page 47, line 9 — The Holz study was in a styrene plant with reported air levels of benzene, toluene and

xylene in addition to EB. This citation should be changed to show the presence of the other VOCs.
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McDougal page 3

Section 3.4 TOXICOKINETICS

In general the toxicokinetic section is complete, if not a little lengthy. If possible a summary covering
storage major organs, toxicokinetic differences between humans and animals and their relevance should
be included.

Page 48, parapraph starting on line 25 — my Italian is not good enough to be sure, but it doesn’t seem that .
this paragraph represents the paper (at least not the English abstract). Not sure what the point is here. Why .

is this included? If it remains - the blood and air concentrations should be cited.

Page 50, line 28 — the juxtaposition of the McDougal and Tsuruta studies suggest that they are
comparable. That is not the case. McDougal measured the flux from JP-8 and Tsuruta measured the flux

of the pure chemical.

Page 50, line 29 — not sure why the 3- 4- & 5-hour duration fluxes are here or where they came from, they
are not readily apparent in the paper. Were they calculated by the author? I don’t get the same numbers if

they were.

Page 51, line 1 — should read 1,200 pg ethylbenzene/mL fuel.

Page 51, line 4 —should read “...diffusivity values of ethylbenzene in pig skin were1.04 pg/cm*/hour,
0.06 x 107> em/hr, and 715 x 10° cm/hour”. {The table header says x 1,000 and times 1,000,000 which is
an odd way to do it, but the numbers for permeability and diffusivity are very small) The values chosen
from the table in the Muhammad paper were the control (not pretreated with JP-8). If the McDougal

paper is used (not sure why it is relevaﬁt), it should be made clear that EB penetrates from-jet fuel.

Seetion 3.5 MECHANISMS OF ACTION
Mechanisms of action section seems to cover all that is known.
Section 3.9 INTERACTIONS WITH OTHER CHEMICALS

I'don’t think the first part of the paragraph that starts on page 71 line | (discussing the effects of JP-8
vehicle on the penetration of EB from JP-8) is an appropriate interaction with other chemicals for this
section. It is well known that the vehicle has important effects on the penetration of chemicals. I think
this first part of the paragraph should be deleted. The Muhammad study which is discussed in the last
part of the same paragraph is probably not appropriate either, but I feel less strongly about it. If it is left,

the authors should explain what it means, rather than just citing the numbers.
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McDougal page 4

Page 71, line 1 — should read “ethylbenzene/mL fuel”
Page 71, line 8,9,10 & 11 — exponents should be negative.
Section 3.12 ADEQUACY OF THE DATABASE
Page 79, line27 — it is important that the need for additional mechanistic studies related to ototoxicity is
pointed out. Another need is studies that explore species differences in chemical-induced effects on
hearing and ear physiology. Due to the large species differences between rats and guinea pigs in
ototoxicity it would be nice to understand which species response is most similar to humans.
CHAPTER 4. CHEMICAL AND PHYSICAL INFORMATION
Looks complete
CHAPTER §. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL
Looks good.
CHAPTER 6. POTENTIAL FOR HUMAN EXPOSURE
Looks OK. Nice summary of VOC media measurements.
Page 108, lines 9-11 — ppb conversions should be included. Incidentally, “ppbv” and “ppmv” are not
listed in appendix C.
CHAPTER 7. ANALYTICAL METHODS
OK
CHAPTER 8. REGULATIONS AND ADVISORIES
OK
CHAPTER 9. REFERENCES

No additional
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Andrew G. Salmon M.A., D.Phil.

Comments on draft 2 of Toxicological Profile for
Ethylbenzene.

Andrew G. Salmon M.A., D.Phil.

General Comments
The general survey of the toxicological and environmental data appears to be thorough up

to about the time of the previous version of the profile produced in 1999. However, the
extent of updating of the document for this revised draft appears to have been relatively
minor, and in some areas less than complete. A few notable findings of recent date
relating to developmental toxicity have been included. The coverage of the
carcinogenicity findings includes mention of the most recent NTP (1999) studies, and
describes the findings of carcinogenicity in mice and rats. ‘Obviously, these findings have
given rise to considerable debate as to the mechanism(s) of action of ethylbenzene and
the significance of the findings for human health. The reporting of the debate on these
questions is incomplete. Initial comments by Hard (2002) are noted, but further debate
disputing some of the conclusions of this commentator is not included. Egregiously, the
IARC 2000 review is mentioned in passing, but there is no comment or analysis on their
finding (2B), which would ordinarily be sufficient to trigger warnings and regulations
based on possible human carcinogenicity. It is inappropriate to report this important
evaluation so slightly, while at the same time noting without qualification the US EPA
evaluation of Category D which predates all the important recent bioassays and
evaluations by several years. Recent data on genotoxicity, which although not conclusive
may provide some insights into possible mechanisms of action, are also not covered. The
non-cancer findings, and derivation of short-term MRLs based on ototoxicity, are in
general well described. However, the treatment of available PBPK models of absorption,
distribution, metabolism and excretion is curiously limited, dealing only with two
published models covering various gasoline components including ethylbenzene, but

ignoring a number of other published models.
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Comments on draft 2 of Toxicological Profile for Ethylbenzene. Andrew G. Salmon

v Are.there any data relevant to child health and developmental effects that have
not been discussed in the profile and should be?
In general this is one of the areas that has been covered and updated reasonably

well. Newer results on developmental toxicity have been included.

v' Are there any general issues relevant to child health that have not been discussed .
in the profile and should be?
The main deficiency is the less than adequate treatment of the most recent
findings on carcinogenicity, and supporting issues of genotoxicity,- and
pharmacckinetics/metabolism. While the potential carcinogenic effects of
ethylbenzene are clearly of concem for all exposed individuals, this is certainly a
concern for children’s health, especially as exposures- early in life are expected to
give rise to greater cancer risks over the individual’s entire lifetime, even in the
absence of specific factors enhancing the sensitivity of infants and children (seé

EPA’s 2006 cancer risk assessment guidelines and supplement).

Specific comments
CHAPTER 1. PUBLIC HEALTH STATEMENT

o The tone of the chapter should be factual rather than judgmental. Does the
chapter present the important information in a non-technical style suitable for the
average citizen? If not, suggest alternate wording.

The style seems generally suitable and understandable.

* Major headings are stated as a question. In your opinion, do the answers to the
questions adequately address the concerns of the lay public? Are these summary
Statementis consistent, and are they supported by the technical discussion in the
remainder of the text? Please note sections that are weak and suggest ways to
improve them.

Page 4 after line 9, subheading “Long-term exposure in air/Cancer”. As noted in
the comments on the technical section, this statement is completely out of date,
.and should be replaced with wording noting more recent evaluations, specifically
the IARC (2006) evaluation if U.S. EPA has not got around to updating their

classification. Isuggest replacing the two sentences starting “the EPA
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Comments on draft 2 of Toxicological Profile for Ethylbenzene. Andrew G. Salmon

determined... with something like “The International Agericy for Research on
Cancer (an expert group which is part of the World Health Organization) has
determined on the basis of these animal studies that long-term exposure to
ethylbenzene may cause cancer in humans.

Similarly, the “Long-term exposure by ingestion” subheading should note that
although no studies have examined the risk of cancer by this route, the finding of
possible carcinogenicity by inhalation raises the presumption that this effect

would be seen by the oral route also.

Page 7, following line 7 (Regulations). It would be desirable for ATSDR to
develop and list guidance levels for exposures that would result in de minimis

cancer risk, i.. 1 in 10°, and that these should be listed at least as advisories here.

» Are scientific terms used that are too technical or that require additional
explanation? Please nole such terms.and suggest alternate wording.

The level of language used seems well chosen to me.

CHAPTER 2. RELEVANCE TO PUBLIC HEALTH

* Do you agree with those effects known to occur in humans as reported in the text?
If not, provide a copy of additional references you would cite and indicate where
(in the text) these references should be included.
The effects noted in this section are in general noted completely and accurately,

given the somewhat limited nature of the human data in some areas.

* Are the effects only observed in animals likely to be of concern to humans? Why
or why not? If you do not agree, please explain.
The summary describes the non-cancer effects observed in animals accurately,
and for the most part makes a good case for their applicability to human risk
assessment.. For instance, the ototoxicity which is observed in animals is
carefully described, including comparison with the suggestive evidence of similar
effects in humans. In contrast,the treatment of the organ weight changes

following short-term exposure is a trifle superficial, in that these are largely
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Comments on draft 2 of Toxicological Profile for Ethylbenzene. Andrew G. Salmon

dismissed as adaptive without consideration that they may be precursor effects of
the frankly pathological changes seen after longer exposures, and even if
“adaptive” may have adverse implications if (as is likely) they are also seen in
exposed humans. This point is explored in greater detail in some of the line-by-
line comments below.

The description of the carcinogenicity data is brief, although accurate as far as it
goes. However, it is a deficiency of the document as a whole that no real attempt
is made to evaluate the likely human health implications of these findings. The
discussion of the human relevance of the more recent NTP findings is limited to
reporting some commentary which downplayed the likely relevance of the
findings to humans, but fails to report more recent counterarguments. The
significant evaluation by IARC (2006) assigning a Group2B classification
(possibly carcinogenic to humans) is noted but not in any way responded to. The
US EPA classification on IRIS as Group D (not classifiable) is misdescribed by -
citing the 2007 version of the IRIS database; this evaluation is a very old one
which predates all the more recent experimental findings and discussions.
Similarly, although ethylbenzene does not appear in the NTP’s Report on
Carcinogens, this appears to be because they have not considered it recently rather
than because they have made a specific negative judgment. There is nothing
equivocal about the findings of animal carcinogenicity described in the actual

bioassay technical report. Further specific comments on this issue appear below.

e Have exposure conditions been adequalé!y described? If you do not agree, please
explain.
Generally, yes, although as noted below this section would benefit from a little

more clarity in regard to the source of indoor air contamination by ethylbenzene

(which is in fact explained in later sections of the document).

Page 9, line 30. “Ethylbenzene levels in indoor air tend to be higher than corresponding
levels monitored in outdoor air.” It would be informative to add at this point an
observation (based on the description later in the document) that the higher levels in

indoor air result from contributions from environmental tobacco smoke (ETS) and
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Comments on draft 2 of Toxicological Profile for Ethylbenzene. Andrew G. Salmon

various consumer products, in addition to permeation indoors of ethylbenzene in outside
ambient air. The description of the ethylbenzene concentrations measured in ETS (page
10, lines 8 — 13) belongs more logically here than where it currently appears at the end of

a paragraph on abundance in foods.

Page 13, lines 21 —-22. It seems unwise to simply dismiss the organ weight increases
after acute exposure from further consideration as possible adverse effects, simply on the
ground that “some of the weight increases, particularly in the liver” are adaptive. An
argument can be made (and evidently was by the Ethylbenzene Producers’ Association)
that the liver changes are primarily adaptive in nature, but the observation of liver
pathology after longer term exposures in some test systems (Wolf et al., 1956; NTP,
1999; Saillenfait et al., 2006) raises the question of whether the changes observed are in
fact precursors to later pathological events. Even if what is observed is in fact strictly the
induction of P-450 and related xenobiotic metabolizing enzymes and associated
proliferation of endoplasmic reticulum, it is not clear that this is a desirable situation for
public health since (as noted elsewhere in this document) it carries with it the probability
of changes in drug kinetics which could be harmful to individuals on medication, and
possibly increased sensitivity to mixed exposures to other toxic chemicals.

In view of the extensive renal pathology reported in other studies it seems unlikely that
the kidney weight changes are entirely adaptive, while short-term increases in lung
weight are not adaptive but indicative of edema or cellular infiltration (incipient

pneumonia?).

Page 14 lines 23-24 and Page 18, lines 1-2. The characterization of ototoxicity as
unequivocally “the most sensitive effect following inhalation exposure to ethylbenzene”
is true only if the assumption is made that the increases in liver and kidney weight also
noted after shorter term exposures are of no toxicological significant.’ As noted in the
previous comment, this conclusion is subject to qualification. The study narratives
(pages 16-17) have a tendency to report the exposures used as concentrations but not to
specify the exposure durations or schedule, which are important in determining the
relative sensitivity of the various endpoints. Admittedly this section is not intended to

provide exhaustive detail on the source data, but omission of some key data makes it hard
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Comments on draft 2 of Toxicological Profile for Ethylbenzene. Andrew G. Salmon

to understand the significance of the observations or the rationale for the evaluations
provided.

A good case can be made that the ototoxicity is the endpoint of concern; it is certainly
one of the more sensitive endpoints. It represents a serious and perhaps irreversible
effect, and there are data from occupational studies (see the following paragraph,
beginning at line 28) suggesting that humans may be sensitive to the effect. Use of this
endpoint might result in a lower protective level as the MRL even if other less severe
effects are seen at similar or lower levels in animal studies. It is also of concern that
developmental effects (skeletal retardation, urinary tract malformations and fetal loss in
rats, reduced fetal weight in rabbits) were observed at similar concentration ranges
(Ungvary and Tratai, 1985), in spite of acknowledged limitations in the reporting of the
study. It would be useful to present this discussion in the narrative, rather than to simply
dismiss the shori-term organ weight changes as “adaptive” without proper rationalization,
or to ignore the concern for developmental effects because the reporting of the study was

less than ideal.

Page 22 lines 10-12. The exposure to ethylbenzene of the workers studied by Bardodej
and Cirek (1988) was dismissed as unquantified but “negligible”. (In fact this description
is not entirely accurate — see my fuller analysis in a comment on page 29, below.) Since
there were no health-related findings either, this study contributes nothing to the
discussion: so why is it even mentioned in this context? If in fact ATSDR’s analyst
believes that there was some exposure, even though unquantified, this might merit
discussion at some other point in the document, but clearly this study has nothing to

contribute to the determination of an MRL..

Page 22 lines 26-29. 1 agree that this endpoint is a reasonable choice on which to base
the long-term MRL. It uses the most sensitive endpoint in the most comprehensive and
thoroughly reported animal chronic bioassay available. It is interesting that it was not felt
necessary to justify this choice for its relevance to humans, given the extensive rebuttals
‘offered by some commentators to the suggestion that the kidney carcinogenicity findings

in this study should not be so considered.
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Page 23 line 28 to page 24 line 22, It seems to me that in view of the importance of the
oral route for exposure to ethylbenzene (e.g. via groundwater contamination leading to its
presence in well-derived drinking water and in irrigated crops), it might have been
worthwhile to try harder to develop at least some oral MRLs. Possible approaches
include using one of the various available PBPK models to extrapolate from the
identified inhalation MRLs. The existing data on oral dosing studies may be of
nsufficient quality to use as the basis of MRLs in isolation, but could be used to confirm

{or otherwise) the validity of MRLs obtained by route-to-route extrapolation.

CHAPTER 3. HEALTH EFFECTS
Section 3.1 INTRODUCTION

Section 3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF
EXPOSURE

Toxicity - Quality of Human Studies

» Were adequately designed human studies identified in the text (i.e., good exposure
data, sufficiently long period of exposure fo account for observed health effects,
adequate control for confounding factors)? If not, were the major limitations of
the studies sufficiently described in the text without providing detailed
discussions. If study limitations were not adequately addressed, please suggest
appropriate changes.

There are very few data on human effects of ethylbenzene exposure. There are
some studies of respiratory irritation, but these are evidently very limited. Two
studies of hematological workers at plants where ethylbenzene was manufactured
or used are noted, but these are subject to severe limitations. The workers in one
study (Angerer and Wulf, 1985) were exposed to a mixture of solvents which
included ethylbenzene, and also to lead (another hematologically active toxicant),
so there is nothing useful to be concluded about ethylbenzene exposure from this
study. The second study (Bardodej and Cirek, 1988), which also looked at cancer
incidence, provides very little information either since the exposures the workers
received during the study period were low. No adverse health findings were

described, and the level of detail in the original report is minimal. In view of the

deficiencies of theses studies and the lack of significant findings the summary
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descriptions in this section are adequate. The most important human data are
those relating to neurotoxicity, especially hearing loss (Sliwinska-Kowalska ef al.,
2001). This study also is compromised by exposure to multiple solvents, but it is
at least suggestive evidence in support of the ototoxicity observed in animals.

Again, the summary description is adequate given the nature of the study.

» Were the conclusions drawn by the authors of the studies appropriate and
accurately reflected in the profile? If not, did the text provide adequate
Justification for including the study (e.g., citing study limitations)? Please suggest
appropriate changes.

I do have a criticism of the way in which the authors’ conclusion about the
exposure levels was represented for the study by Bardodej and Cirek (1988). See
my detail comment below on misapplication of the term “negligible” in

characterizing this parameter. It is certainly justifiable to mention this study as

one of the few scraps of evidence available, but the limitations are very clear!

s Were all appropriate NOAELs and/or LOAELs identified for each study? If not,
did the text provide adequate justification for excluding NOAELs/LOAELs
including, but not limited to, citing study limitations? Please suggest appropriate
changes.

Unfortunately it is all too evident that LOAELS or NOAELS cannot be derived

from any of the human data available.

e  Were the appropriate statistical tests used in the studies? Would other statistical
tests have been more appropriate? Were statistical test results of study data
evaluated properly? NOTE: As a rule, statistical values are not reported in the
text, but proper statistical analyses contribute to the reliability of the data.

Sadly, this question does not, for the most part, arise.

® Are you aware of other studies which may be important in evaluating the toxicity
of the substance?

No.

Page 29 line 33 to page 30 line 2. Other references to the study by Bardodej and Cirek

(1988) characterize the exposure of the workers to ethylbenzene as “negligible”. This
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further devalues the study as a source of data on health effects of ethylbenzene exposure.
[t thus appears misleading to characterize this study as on of “two studies involving long-
term monitoring of workers occupationally exposed to ethylbenzene”, if in the opinion of
the analyst there was no significant exposure even though the workers were employed in
a plant where this chemical was manufactured. Actually the description of the study here
and elsewhere is somewhat inaccurate when compared to the original paper. The word
“negligible” is used by the authors to describe their estimation of the risks of
ethylbenzene toxicity (a judgment on their part, rather than a comment on the data), not
the concentration. Although not exactly a data-rich source, this paper in fact does report
urinary mean post-shift mandelic acid concentrations in the relevant group of workers.
The mean value in the period 1975 and later, when no adverse health effects were
reported, was 0.2 mmol/l which, according to the authors’ report of a chamber study
establishing the relationship between urinary mandelic acid and ethylbenzene
concentration, is equivalent to 6.4 mg/m® of ethylbenzene exposure. Exposure in the
earlier period before improvement of the conditions in the works was higher but
apparently not dramatically so, at least on average. This negative observation is thus of
very low power to detect any effect, as the authors conclude. But it is possible to deduce
slightly more real information by studying the paper, than is implied by the very offhand

and dismissive account of the study given in this document,
Page 30 lines 20 to 22. See my immediately previous comment.
Toxicity - Quality of Animal Studies
e Were adequalely designed animal studies identified in the text (i.e., adequate
number of animals, good animal care, accounting for competing causes of death,

sufficient number of dose groups, and sufficient magnitude of dose levels)?

Yes. The database of animal toxicity data is much more extensive than that for
human effects, and the study quality is for the most part adequate.

e Were the animal species appropriate for the most significant toxicological
endpoint of the study? If not, which animal species would be more appropriate

and why?

The data are, not unexpectedly, dominated by experiments in rodents (rats and
mice), but there are no reasons to think that these are inappropriate in this case.
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o Were the conclusions drawn by the authors of the studies appropriate and
accurately reflected in the text? If not, did the text provide adequate justification
Jor including the study (e.g., citing study limitations)?

The conclusions of the authors of the studies are appropriately represented.

o Were all appropriate NOAELs and LOAELs identified for each study?‘ Were all
appropriate toxicological effects identified for the studies? If not, please explain.
Descriptions of the experimental data are mostly given accurately and with
sufficient detail to address the requirements of this section. There is a tendency in
a few places to stray into dismissive judgments rather than full description, such
as the repeated assertion (Page 31 lines 4 to 6: see my previous comment on page
13) that the acute hepatic effects are purely “adaptive” and thus by implication,
deserve less attention than those effects considered adverse. Similarly, the
introductory summary for renal toxicity (page 32) is somewhat less than clear in
describing the role, if any, of a2u globulin accumulation in the renal toxicity of
ethylbenzene (see my line-by-line comments on this section below): perhaps these

comments in any case belong better in the later discussion of mechanisms.

o If appropriate, is there a discussion of the toxicities of the various forms of the
substance? If not, please give examples of toxicological effects that might be
important for forms of the substance.

Other than the distinction between inhalation exposures (the route used in most of
the reported studies) and oral exposures to liquid or dissolved ethylbenzene {(for
which few relevant data are available, as noted previously), this is not an issue for

this substance.

o Were the appropriate statistical tesis used in the interpretation of the studies? If
not, which statistical tests would have been more appropriate? Were statistical
test results of study data evaluated properly? NOTE: As a rule, statistical values
are no! reported in the text, but proper statistical analyses contribute fo the
reliability of the data.

The human studies of respiratory and neurological effects appear to have been

analyzed appropriately by their authors and accurately reported in this document.
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Other human studies and case reports are essentially not susceptible to any
statistical analysis. The non-cancer animal toxicity data are generally well
analyzed, and appropriately presented from this point of view. However, it is
notable that no attempt has been made to perform any kind of dose-response
analysis on the NTP carcinogenicity data. This is a major and inappropriate
omission, since the data are readily susceptible to analysis following the U.S.
EPA (2005) guidelines, and such an analysis can be informative even if the

analyst has questions as to the relevancy of the effect for humans.

s Are you aware of other studies that may be important in evaluating the toxicity of
the substance? If you are citing a new reference, please provide a copy and
indicate where (in the text) it should be included,

No major new toxicity studies.

Page 32 line 10 to 15. This sentence is accurate in its intended meaning but is actually a
slight mis-statement — the adverse effects (tubular epithelial cell necrosis etc.) are seen in
femnale rats, mice or humans under various circumstances, but not as a result of a2u
globulin accumulation. It is the accumulation of that male-rat-specific protein which is
the unique event. In fact (and relevant here) the so-called “hyaline droplets” may consist
of other proteins: several chemicals, of which ethylbenzene appears to be one, apparently
cause accumulation of various proteins which may include a2u globulin in male rats, but
also various others which are not sex- or species-specific. Perhaps it would be better to
say “Accumulation of in the renal tubular epithelial cells of male rats is associated with
tubular epithelial cell necrosis, regenerative proliferation and renal tumors. This
accumulation is not observed in female rats, mice or huméns (which lack that protein), or
in male rats which are genetically lacking a2u globulin. Adverse effects in male rats
associated with the renal accumulation exclusively of a2u globulin are therefore not

considered relevant to humans (EPA 1991g).”

Page 32 line 18. Better: “... enhance renal accumulation of hyaline droplets in rats of
both sexes. In male rats only this accumulation includes o2u globulin, but evidently
other proteins are involved in females, and probably also in the males.” The data are

deficient in their ability to resolve all these issues, but the general consensus at this time
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appears to be that the a2u globulin phenomenon is not a major factor in renal toxicity of

efhylbenzene.

Levels of Significant Exposure (LSE) Tables and Figures

o Are the LSE tables and figures complete and self-explanatory? Does the "Users
Guide" explain clearly how to use them? Are exposure levels (units, dose)
accyrately presented for the route of exposure? Please offer suggestions to
improve the effectiveness of the LSE tables and figures and the "User's Guide."
The tables provided are comprehensive and very “information-dense”, and their
intended use is explained. However, I am not sure that very many of the intended
users of the toxicological profiles actually read them. In my experience short
summary tables laying out the actual experimental data, included as part of the
study descriptions and linked to the explanatory text are much more accessible
than these “mega-tables”.

The results on developmental toxicity (fetal weight reductions) of Saillenfait ef al.
(2007) are noted in the text, but I do not see them in Table 3-1. This isn’t a big
deal since they are the same as those reported by Saillenfait et al (2006), but they

should probably be included for completeness.

» Do you agree with the categorization of "less serious” or "serious” for the effects
cited in the LSE tables?
In most cases, yes. But the characterization of the ototoxicity finding (Cappaert ef
al., 2001; 2003) as “less serious™ seems perverse, since this probably represents
an irreversible and cumulative loss of some sensory function. That higher doses
produce a more severe effect (Gagnaire et al., 2007) does not automatically mean
that the initial effects are mild. Similarly, substantial impacts on fetal weight
(Saillenfait et al, 2003) are not “less serious™, and even minor anatomical terata
such as the skeletal abnormalities observed by NIOSH (1981) and Saillenfait
(2003, 2006, 2007) could be considered serious, particularly in the context of

enhanced concern for children’s health.
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o If MRLs have been derived, are the values justifiable? If no MRLs have been
derived, do you agree that the data do not support such a derivation?
The MRLs derived are justifiable. As noted previously, it should be possible to
undertake a route-to route extrapolation to estimate oral MRLs since this is a
potentially significant route of exposure for the public and this calculation should
be possible with reasonable confidence using available PBPK models. The failure
to estimate a cancer potency is an unnecessary and undesirable omission. Thé
“cancer effect level” quoted in the LSE tables is a meaningless and confusing
concept which provides no information useful in protecting public health. I know
this is something that ATSDR has used a lot in the past, but it is misleading in the
concept of the current understanding of cancer dose-response characteristics (i.e.,

for most carcinogens, a non-threshold relationship), and should be abandoned.

Evaluation of Text

® Have the major limitations of the studies been adequately and accurately
discussed? How might discussions be changed to improve or more accurately
reflect the proper interpretation of the studies?
Study descriptions and discussion of limitations are generally appropriate. This is
generally a problem for human studies, and in this case many of the human
studies are of so little value that extensive discussion is not warranted, although in

one case the analyst was perhaps a little too dismissive of the study by Bardodej
and Cirek (1988):

Page 41, Line 12. The original report of this study does in fact provide information
which can be used to get a general idea of the exposure levels experienced by the
workers. The important point is that the levels are sufficiently small that the study has
low power to detect any effect, on cancer or other health endpoints. This should be noted
in the study description, here as elsewhere (see my earlier comment relating to page 29).
If, as recommended below, the analyst had used the NTP data to estimate a human cancer

potency it would have been possible to use these data to determine whether the
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observations by Bardodej and Cirek are in fact consistent with this estimate, although

negative, based on the expected power of the study.

® Has the effect, or key endpoint, been critically evaluated for its relevance in both
humans and animals?
There are several endpoints of concern noted for this compound. Treatment of the
non-cancer effects is generally appropriate, particularly for the otoxicity which is
a key observation. Other more difficult analyses are deficient. The discussion of
renal toxicity (pages 32-33) has some confusing parts as noted previously, and the
question of its relevance to humans is not really addressed except to observe the
generally accepted non-relevance to humans of the a2u globulin phenomenon
(which is probably not an important component of the rodent renal toxicity of
ethylbenzene).
Treatment of the cancer endpoint is inadequate. The animal carcinogenicity
findings of NTP are briefly described (Page 41 line 15 et seq.) but treated
dismissively. Reliance has evidently been placed on the analysis by Hard (2002)
who suggested that “chemically induced exacerbation of CPN [chronic
progressive nephropathy] was the mode of action underlying the development of
renal neoplasia” in the NTP ethylbenzene studies. Whether this would of itself
argue that the rat renal tumors are not relevant to humans is itself a matter which
could be debated, but more importantly the analyst has failed to take note of more
recent rebuttals of that argument. In a retrospective evaluation of NTP chronic
studies, Seely ez al. (2002) found that renal tubule cell neoplasms (RTCNs) “tend
to occur in animals with a slightly higher severity of CPN than animals without
RTCNs. However, the differential is minimal and clearly there are many male
F344 rats with severe CPN without RTCNs.” Seely ef al. (2002) go on to say that
“the data from these retrospective reviews suggest that an increased severity of
CPN may contribute to the overall tumor response. However, any contribution
appears to be marginal, and additional factors are likely involved.” The important
judgment of IARC (2006) in assigning a Group2B classification (possibly

carcinogenic to humans) is not even mentioned in this section, and is only
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mentioned in passing and then ignored in other sections of the document. No
attempt is made to consider possible relevance to humans of the findings at other
sites (rat testis, alveolar/bronchiolar tumors in male mice, hepatocellular tumors in
female mice). The analyst appears (page 42, lines 6 and 9) to rely on the
observation that the tumor incidences at the latter two sites were within the NTP
historical control range. The usefulness of this criterion in establishing
significance has been debated, but the most usual conclusion is that the local and
concurrent controls are much more important, and the historical range is mostly of
interest in identifying experiments where for one reason or another the concurrent
controls are outside the historical range — an indication of study problems which
does not apply here. NTP’s own analysts did not ignore these findings,
considering that they in themselves showed “some” evidence of carcinogenicity,
and the importance of these data is emphasized by the “clear” finings of renal
tumors with ethylbenzene. Consideration of carcinogenicity data and its
relevance to humans generally involves consideration of supporting data such as
metabolic pathways and genotoxicity, which I do not see in the treatment of the

carcinogenicity data in this section (3.2. 1.7).

Have "bottom-line” statements been made regarding the relevance of the endpoint
Jor human health?

These statements do appear appropriately in some cases, but it is a general
wealmesé of this section that such clear statements are often missing or at least
hard to find. This may be the result of natural reticence on the part of the analyst
to make clear statements on controversial or unresolved issues, but it would be

more helpful to highlight this uncertainty rather than to ignore or hide it.

Are the conclusions appropriate given the overall database? If not, please discuss
your own conclusions based on the data provided and other data provided to you
but not presented in the text. -

The conclusions drawn with regard to non-cancer toxicity are in general

reasonable, although I have some concern that some secondary endpoints such as

acute liver enlargement and developmental toxicity findings have been ignored or
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downplayed in favor of analyzing the “preferred” endpoints. While the analysis
of those preferred endpoints is sound, the consideration of the additional effects
could be strengthened to provide support and context for the key MRL
recommendations.

The cancer analysis is frankly inadequate. My personal view of the overall
database on ethylbenzene carcinogenicity follows IARC (2006), who concluded
that there was sufficient evidence to justify their Group 2B rating. An JARC 2B
evaluation, or its equivalent from U.S. EPA, is generally regarded as a sufficient
stimulus to provoke development of a cancer potency (“slope factor™), unit risk of
similar quantitative risk measures to support regulatory and precautionary action.
That data are sufficient to support such a calculation is shown in an analysis of
ethylbenzene carcinogenicity recently presented as public review draft by the
State of California’s Environmental Protection Agency (OEHHA, 2007)

» Has adequate attention been paid to dose-response relationships for both human
and animal data? Please explain.
For non-cancer endpoints, yes. For cancer, no — see my immediately previous

comment.

* Has the animal data been used to draw support for any known human effects? If
so, critique the validity of the support,
The report does not really attempt this for any of the endpoints of concern, mainly
because of the limited nature of the human data in most cases. Presentation of the
data available of itself invites the reader to draw instructive parallels between
human and animal responses of the respiratory system, and also in the case of the
ototoxicity where the detailed animal data tend to support the conclusion that the
human effects seen were in fact related to ethylbenzene exposure, in spite of the

inability of the human studies to establish this unequivocally by themselves.

Section 3.3 GENOTOXICITY

The description of findings in this category is mostly complete, but there are two data sets

which are not described which may be worth including.
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Sram et al. (2004) described the effects of benzene and ethylbenzene exposure on
chromosomal damage in peripheral blood lymphocytes of exposed workers. Exposure to
ethylbenzene resulted in a significant increase in chromosomal aberrations. Reduced
ethylbenzene exposures due to improved workplace emissions controls resulted in a
reduction in chromosomal damage in exposed workers. However, these workers were
also exposed to benzene, so it cannot be proved that the chromosomal damage was due to
ethylbenzene; this information may nevertheless be of supportive value if compared with

the other reported findings..

A second report,which examined genotoxicity of certain ethylbenzene metabolites, may
also be considered useful. Midorikawa et af (2004) reported induction of oxidative DNA
damage by two metabolites of ethylbenzene, namely ethylhydroquinone and 4-
ethylcatechol. (These compounds were shown to be formed from ethylbenzene by rat
liver microsomes :'1‘»1. vitro.) These dihydroxylated metabolites induced DNA damage in
32p.]abeled DNA fragments from the human p33 tumor suppressor gene and induced the
formation of 8-ox0-7, 8-dihydro-2’-deoxyguanosine in calf thymus DNA in the presence
of Cu(II). Addition of exogenous NADH enhanced 4-ethylcatechol-induced oxidative
DNA damage, but had little effect on ethylhydroquinone action. The authors suggest that
Cu(I) and H,0» produced via oxidation of these compounds were involved in oxidative
DNA damage. NADH enhancement was attributed to reactive species generated from the
redox cycle of EC — 4-ethyl-1, 2-benzoquinone — EC. Similar effects of NADH were

observed with benzene metabolites, including catechol (Hirakawa ef al. 2002).

The overall conclusion of this section, that while most of the “classical” genotoxicity data
are negative there appears to be some potential for genotoxic effects in humans, is
accurate. It may be of interest to note specifically the analogy with effects of benzene

" identified by the work of Midorikawa ef al. (2004)
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Section 3.4 TOXICOKINETICS

Is there adequate discussion of absorption, distribution, metabolism, and
excretion of the substance? If not, suggest ways to improve the text.

The description of the available data on absorption, distribution, metabolism irn
vivo and excretion appears to be sufficiently complete for the purpose.
References to metabolism in vitro are confined to a single comment (page 53 lines
31-33) which cites references from 1970 and 1972. While the purpose of this
section may be to concentrate on the data i vivo, the data from expriments in
vifro in fact is important in informing both mechanistic analysis of the observed
metabolism in vivo and the parameterization of PBPK models (see below). This
topic deserves more comprehensive coverage. A key reference is Sams ef al,
(2004).

Have the major organs, tissues, etc. in which the substance is stored been
identified? If not, suggest ways to improve the text.
This does not appear to be a major issue for this compound, since it is volatile and

relatively rapidly metabolized.

Have all applicable metabolic parameters been presented? Have all available
pharmacokinetic/pharmacodynamic models and supporting data been presented?
If not, please explain.

The narrative on PBPK models describes only two mddels: a systemic model for
inhaled gasoline components (including ethylbenzene) reported by Dennison et al.
(2004) and a dermal absorption model (Shatkin and Brown , 1991).

The description of the Dennison model is brief and relatively uninformative: it is
pointed out that this model is primarily aimed at dealing with mixed gasoline
vapors rather than ethylbenzene. This is certainly a limitation in consideration of
risk assessment for pure ethylbenzene, although it may in fact be relevant to some
of the exposure scenarios identified elsewhere in this document. This simplified
description of PBPK analysis for inhaled ethylbenzene neglects significant

published literature on the subject, which should be reviewed and integrated into
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the overall narrative on this topic. Key references that should be dealt with in this
section include Tardiff e al. (1987) and Haddad ef /. (2001). (Oddly, the paper
by Tardiff et al. [1987] appéars among the references on the CD-ROM, but
appears to have been ignored in the text at least in this section.) Treatment of
PBPK modeling for ethylbenzene inhalation also appears in an analysis of
ethylbenzene carcinogenicity recently presented as public review draft by the
State of California’s Environmental Protection Agency (OEHHA, 2007)

Description of the Shatkin and Brown (1991) model is more comprehensive and is

sufficient for the more limited implications of this model.

o s there adequate discussion of the differences in toxicokinetics between humans
and animals? What other observations should be made?
This topic is not really addressed in the description of the individual studies, other
than simply reporting comparable data. The very.limited discussion of systemic
PBPK models also does not cover this topic at all: this should be addressed as part
of a more comprehensive coverage of toxicokinetic modeling. (This topic is
addressed in the description of the Shatkin and Brown (1991) dermal absorption
model, which used human data for validation.)
(A general discussion of similarities and differences between animal and human
metabolism appears later (Section 3.5.3, page 54) in the mechanism of action

section, but this does not address the toxicokinetics to any substantial degree)

o Is there an adequate discussion of the relevance of animal toxicokinetic
information for humans? If nof, please explain.

No. See my immediately previous comment: this applies here also.

» Ifapplicable, is there a discussion of the toxicokinetics of different forms of the
substance (e.g., inorganic vs. organic mercury)?

Not applicable in this case.
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Section 3.5 MECHANISMS OF ACTION
Section 3.5.1 (page 62) provides a brief comment on pharmacokinetic

mechanisms of action, with the observation that partitioning of somewhat
hydrophobic compounds such as ethylbenzene into cell membranes may affect the
activity of membrane-bound enzymes. While this is true (and evidently
measurable, at least in vitro), it is not really clear what this adds to the discussion,
or whether it is intended to support the statement at the end of this section (page
62, lines 29-30) that there is no evidence for differences in pharmacokinetic
mechanisms between children and adults. This last statement would probably not
be supported by more careful examination of PBPK models for ethylbenzene,
since although obviously physical processes such as diffusion and partitioning
into lipid media would not vary the enzymes responsible for metabolism
demonstrably vary, especially in infants, as compared to adults.

Section 3.5.2 (pages 62-63) provides an extremely brief statement of possible
mechanisms for CNS toxicity. This appears to relate to the popular hypothesis
that alterations in membrane fluidity are responsible for CNS impacts such as
narcosis. It is worth noting that although such effects have been rcg,-ularly
observed in vitro, more recent work in this area has suggested that actually many
effects in vivo of anesthetics (and presumably therefore solvents) are mediated by
direct interactions with neurotransmitter receptors (there is extensive recent

literature on this topic).

Section 3.5.3 (page 64) offers a brief comparison of metabolism in animals and
humans. This is accurate as far as it goes, although more recent studies and
toxicokinetic issues are not addressed. The observation that overall toxic
responses are similar between animals, especially rats, and humans is

appropriately, although briefly, expressed.

It is disappointing that this section makes no attempt to address possible
mechanisms for the most critical toxic effects, namely the ototoxicity, hepatic and

renal damage, and carcinogenesis. While the available literature may not offer
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complete answers in this case there are certainly some areas which could be
explored, particularly with regard to the observation of reactive and DNA-

damaging metabolites (noted in my comments on genotoxicity).

Section 3.6 TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE
AXIS :
No data were identified by the analyst suggesting that such effects are important: I

am not aware of any myself,

Section 3.7 CHILDREN’S SUSCEPTIBILITY
Data on special sensitivities of infants and children to ethylbenzene toxicity are

very [imited. This section appropriately notes the developmental toxicity findings
described elsewhere: although as noted (page 67, lines 22-23) it is not proven that
such effects would be observed in humans it should be stated here that in the

interest of protecting public health it is assumed that such effects are relevant.

Possible differences in metabolism between infants, children and adults are
appropriately noted, although since the mechanistic significance of metabolism
for the major toxic responses is not discussed here or elsewhere in the document

these observations are not linked to any particular conclusion as to health impacts.

Since the cancer findings are downplayed and no quantitative analysis is
attempted it is not surprising that there is no attempt to address possible increased
susceptibility to early-in-life exposures to carcinogens. Nevertheless, this issue
should be addressed here in line with U.S. EPA’s recent (2005) supplemental

guidance on the topic.

Section 3.8 BIOMARKERS OF EXPOSURE AND EFFECT

» Are the biomarkers of exposure specific for the substance or are they for a class
of substances? If they are not specific, how would you change the text?

The biomarkers of exposure identified (mandelic and phenylglyoxylic acids in
urine} are characteristic of exposure to ethylbenzene but also appear following

styrene exposure. Unchanged ethylbenzene has been measured in blood, tissues
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and expired air and detected in milk. This section describes the issue

appropriately.

o Are there valid tests to measure the biomarker of exposure? Is this consistent with
statements made in other sections of the text? If not, please indicate where
inconsistencies exist.

These biomarkers are in wide use in occupational hygiene studies, and methods

have been validated.

o Are the biomarkers of effect specific for the substance or are they for a class of
substances? If they are not specific, how would you change the text?

Specific biomarkers for ethylbenzene effects were not identified.

e Are there valid tests to measure the biomarker of effect? Is this consistent with
statements made in other sections of the text? If not, please indicate where
inconsistencies exist.

Not applicable in this case.

Section 3.9 INTERACTIONS WITH OTHER CHEMICALS

e s there adequate discussion of the interactive effects with other substances? Does
the discussion concentrate on those effects that might occur at hazardous waste
sites? If not, please clarify and add additional references.

This section succinctly summarizes various interactions described in the literature.
It would be better if it were reorganized to separate the narrative more clearly into
interactions observed in vitro from those observed in vivo, and to highlight those
(such as with xylenes or mixed fuels) which would reasonably be expected to
occur at hazardous waste sites. These, including both metabolic and skin
absorption effects, aré much more likely to be important than, for instance, the
impact of carbon monoxide. This effect was reported irn vifro at a CO to oxygen
ratio of 2 to 1: any such exposure to CO in vivo would be more or less instantly
lethal, regardless of any interaction with ethylbenzene! Like the CO effect,
interactions with pharmaceutical agents such as phenobarbital and SKF525A are

of interest in that they are characteristic of cytochrome P-450 catalyzed reactions,
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but are of vanishingly small significance for real-world exposures to toxics.

Interaction with ethanol, of course, is an issue worth noting.

If interactive effects with other substances are known, does the text discuss the
mechanisms of these interactions? If not, please clarify and provide any
appropriate references.

The text is limited, but adequate in this regard.

Section 3.10 POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE

Is there a discussion of populations at higher risk because of biological
differences which make them more susceptible? Do you agree with the choices of
populations? Why or why not? Are you aware of additional studies in this area?
A brief but appropriate discussion of generic issues is presented. There do not
appear to be any data specific to ethylbenzene toxicity and susceptible
populations. Since hearing loss is often observed to be cumulative, those with
hearing loss from other causes (rock musicians, sharpshooters? Possibly those
with congenital or infection-related hearing loss?) might be considered a

susceptible population for the acute ototoxicity.

Section 3.11 METHODS FOR REDUCING TOXIC EFFECTS

Is the management and treatment specific for the substance, or is it general for a
class of substances?

The introductory section cites two standard publications on medical toxicology

with sections specific to ethylbenzene.

Subsection 3.11.1 reducing peak absorption

o Are treatments available to prevent the specific substance from reaching the

target organ(s), or are the actions general for a class of substances?

Is there any coniroversy associated with the treatment?Is it a "well-accepted”
treatment? If the discussion concerns an experimental method, do you agree with
the conceptual approach of the method?

The treatments proposed appear to be generic and widely accepted.
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Are there any hazards associated with the treatment of populations that are |
unusually susceptible fo the substance (e.g., infants, children)?

None identified.
Subsection 3.11.2 reducing body burden

Are there freatmenls to prevent adverse effects as the substance is being

‘eliminated from the major organs/tissues where it has been stored fe.g,asa

substance is eliminated from adipose tissue, can we prevent adverse effects from
occurring in the targe! organfs])?

This does not appear to be a significant issue for ethylbenzene, due to rapid

e¢xhalation and metabolism.

Subsection 3.11.3 interfering with toxic effects.

Are treatments available to prevent the specific substance from reaching the
target organ(s), or are the treatment's actions general for a class of substances?

Is there any controversy associated with the treatment? Is it a "well-accepted”

treatment? If the discussion concerns an experimental method, do you agree with
the conceptual approach of the method?

Are there any hazards associated with the treatment of populations that are
unusually susceptible fo the substance (e.g., infants, children)?

There isn’t anything useful to say in this section. The suggestion to use agents
that would “stabilize the call membrane” to reduce toxicity is highly speculative
and probably would be dangerous if it were possible to identify such agents which
were effective fn vivo. Similarly suggestions to limit changes in neurotransmitter
levels are highly speculative, and it is not clear that they provide any useful

guidance.

Section 3.12 ADEQUACY OF THE DATABASE

Subsection 3.12.1 Existing Information on Health Effects of Ethylbenzene

Do you know of other studies that may fill a data gap? If so, please provide the
reference.

See my previous comments on the sections on metabolism and PBPK .modeling,

and on genotoxicity.
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Subsection 3.12.2 Idenﬁﬁcaﬁon of Data Needs

¢ Are the data needs presented in a neutral, non-judgmental fashion? Please note
where the text shows bias.

* Do you agree with the identified data needs? If not, please explain your response
and support your conclusions with appropriate references.

* Does the text indicate whether any information on the data need exists?

» Does the text adequately justify why further development of the data need would
be desirable; or, conversely, justify the "inappropriateness” of developing the
data need at present? If not, how can this justification be improved.

This section deals adequately with the issues raised. I do not have specific

comments on this section.

CHAPTER 4. CHEMICAL AND PHYSICAL INFORMATION

® Are you aware of any information or values that are wrong or missing in the
chemical and physical properties tables? Please provide appropriate references
Jfor your additions or changes.
This section deals adequately with the topic. I do not have specific comments on

this section.

* Is information provided on the various forms of the substance? If not, please
explain.

Not applicable in this case.
CHAPTER 5. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL
& Are you aware of any information that is wrong or missing?

No.
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CHAPTER 6. POTENTIAL FOR HUMAN EXPOSURE

* Has the text appropriately traced the substance from its point of release to the
environment until it reaches the recepior population? Does the text provide
sufficient and technically sound information regarding the exient of occurrence at
NPL sites? Do you know of other relevant information? Please provide references
Jor added information.

» Does the text cover pertinent information relative to transport, partitioning,
fransformation, and degradation of the substance in all media? Do you know of
other relevant information? Please provide references for added information.

* Does the text provide information on levels monitored or estimated in the
environment, including background levels? Are proper units used for each
medium? Does the information include the form of the substance measured? Is
there an adequate discussion of the quality of the information? Do you know of
other relevant information? Please provide references for added information.

» Does the fext describe sources and pathways of exposure for the general
population and occupations involved in the handling of the substance, as well as
populations with potentially high exposures? Do you agree with the selection of

" these populations? If not, why? Which additional populations should be included
in this section?

This chapter covers the issues raised adequately as far as I can tell. Specific
studies and data presented include consideration of exposure to children. They

constitute a potentially more heavily exposed sub-population, although available

data do not particularly demonstrate this.

There is one issue which does not seem to be addressed here or elsewhere which
is that ethylbenzene, like several other aromatics but most notably benzene itself,
could be formed as a combustion by-product. This may contribute to the levels in
vehicle exhaust noted in Section 6.2.1, page 89, and is also the reason for its
appearance as a component of tobacco smoke, as noted in several places in the
document. This is of some significance in discussing ethylbenzene as an air
pollutant, since it implies an additional source besides evaporation of fuels
containing it. But this probably isn’t important in the context of hazardous waste

site evaluation.
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CHAPTER 7. ANALYTICAL METHODS

This chapter covers the issues raised adequately as far as I can tell (although this

isn’t my particular area of expertise).

CHAPTER 8. REGULATIONS AND ADVISORIES

¢ Are you aware of other regulations or guidelines that may be appropriate for the
table? If so, please provide a copy of the reference.

The State of California has some guidelines which may be of interest:

Chronic Reference Exposure level (Air, community exposure: OEHHA, 2005):
400 ppb.

Public Health Goal (Drinking water: OEHHA, 1997):
300 ppb

Cancer risk assessment (DRAFT: public comment version: OEHHA, 2007):
Unit Risk: 2.5 x 10-6 (ug/m°)"!
Inhalation Cancer Potency: 0.0087 (mg/k%-daly)'l :
Oral Cancer Potency: 0.011 (mg/kg-day)”

Other comments:

In Table 8.1, i t scems unnecessarily confusing to list only the AEGLs and HAP
classification under the heading “National regulations and guidelines/a, Air/EPA”,
but to later all the IRIS entries, including the RfC, which is obviously an air
standard, under “d. Other”. It is similarly confusing to find the RfD under “d.

Other” but not to find at least a mention of it under either food or water.

As noted previously, it is disingenuous to provide only the reference “IRIS 2007
for the very old and outdated US EPA carcinogenicity classification which in fact

predates most of the important new data and evaluations.

The statement that the NTP has “no data” is accurate as far as the Report on
Carcinogens goes, but is misleading in that it fails to mention that the most recent
bioassay Technical Report (NTP, 1999) listed a finding of clear evidence at one

site and suggestive evidence at others (as noted elsewhere in this document)..
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CHAPTER 9. REFERENCES

* Are there additional references that provide new data or are there betfer studies
than those already in the text? If so, please provide a copy of each additional
reference.

Here are some additional references cited in my comments which I did not find in

the refernce list or on the CD-ROM (I will endeavor to provide copies of these

papers):

Haddad S, Beliveau M, Tardif R and Krishnan K, 2001, A PBPK modeling-based
approach to account for interactions in the health risk assessment of chemical mixtures.
Toxicol Sci 63:125-131.

Hirakawa K, Oikawa S, Hiraku Y, Hirosawa I, Kawanishi S, 2002. Catechol and
hydroquinone have different redox properties responsible for their differential DNA-
damaging ability. Chem Res Toxicol 15:76-82.

Midorikawa K, Uchida T, Okamoto Y, Toda C, Sakai Y, Ueda K, Hiraku Y, Murata M,
Kawanishi S, Kojima N, 2004. Metabolic activation of carcinogenic ethylbenzene leads
to oxidative DNA damage. Chem-Biol Interact 150:271-281.

OEHHA (1997). Public Health Goal for Ethylbenzene in Drinking Water.  State of
California, Office of Environmental Health Hazard Assessment, Sacramento, CA.
http://www.oehha.ca.gov/water/phe/pdf/etbx2 c.pdf

OEHHA (2005). Chronic Toxicity Summary for Ethylbenzene.
http://www.oehha.ca gov/air/chronic_rels/pdf/100414.pdf

OEHHA (2007). Proposal for the adoption of a unit risk factor for ethylbenzene.

State of California, Office of Environmental Health Hazard Assessment, Sacramento, CA..
http://www.oehha.ca.goy/air/toxic_contaminants/pdf zip/Ethylbenzene 2007 Public%20R
eview%20Draft.pdf

Sams C, Loizou GD, Cocker J and Lennard MS, 2004. Metabolism of ethylbenzene by
human liver microsomes and recombinant human cytochrome P450s (CYP). Toxicol Lett
147:253-260.

Seely JC, Haseman JK, Nyska A, Wolf DC, Everitt JI and Hailey JR, 2002. The effect of
chronic progressive nephropathy on the incidence of renal tubule cell neoplasms in
control male F344 rats. Toxicol Pathol 30(6):681-686.

Sram RJ, Beskid O, Binkova B, Rossner P and Smerhovsky Z, 2004, Cytogenetic

analysis using fluorescence in situ hybridization (FISH) to evaluate occupational
exposure to carcinogens. Toxicol Lett 149:335-344.
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US. EPA (2005). Guidelines for Carcinogen Risk Assessment (EPA/630/P-03/001B), and
Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to
Carcinogens (EPA/630/R-03/003F). www.epa.gov/cancerguidelines.

51



32



PLEASE
INSERT
COLORED
DIVIDER

PAGE

HERE



SECTION II

ADDITIONAL REFERENCES AND DATA
SUBMITTED BY THE PEER REVIEWERS

53



54



ADDITIONAL REFERENCES AND DATA
SUBMITTED BY

Andrew Salmon, Ph.D.

Senior Toxicologist and Chief, Air Toxicology and Risk Assessment Unit
Office of Environmental Health Hazard Assessment
California Environmental Protection Agency
Qakland, CA 94612
510-622-3191

Email: asalmon@oehha.ca.goy

55



56



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

Long-term Health Effects of Exposure to Ethylbenzene

Background and Status of Ethylbenzene as a Toxic Air Contaminant and its
Potential Carcfnogenicity

Ethylbenzene (CAS Registry Number: 100-41-4) is a natural censtituent of crude
petroleum and is found in gasoline and diesel fuels (HSDB, 2003). It is used as a
chemical intermediate, primarily in the production of styrene (ATSDR, 1999).
Ethylbenzene is included on a list of "inert" or "other ingredients” found in registered
pesticide products (U.S. EPA, 2004a).

Ethylbenzene enters the atmosphere both from emissions from industrial facilities and
other localized sources, and from mobile sources. Vehicle exhaust contains ethylbenzene
due to its presence in fuel and possibly due to formation during the combustion process.
Ethylbenzene is a component of environmental tobacco smoke (CARB, 1997) and a
number of consumer products (ATSDR, 1999), resulting in its presence as a contaminant
of indoor air.

The statewide annual emissions of ethylbenzene in California were estimated to be 116
tons (232,000 Ib) from stationary point sources and 9,892 tons (19.7 million Ib) from area
sources, including on and off-road mobile sources (CARB, 2004). U.S. EPA’s Toxics
Release Inventory reported 7,463,252 pounds total on- and off-site releases of )
ethylbenzene for the year 2002 in the U.S., of which 6,441,052 pounds were fugitive or
point source air emissions (U.S. EPA, 2004b).

The average statewide ambient air concentration of ethylbenzene in 2003 was 0.22 ppb
(0.96 pg/m®) with a range of 0.1 to 2.0 ppb (503 observations, CARB, 2005).

The primary route of atmospheric transformation for ethylbenzene is reaction with the
OH radical. For a 24-hr average OH radical concentration of 1.0 x 10° molecule cm™, the
calculated lifetime of ethylbenzene is 1.7 days (Arey and Atkinson, 2003). Observed
products of ethylbenzene reaction with the OH radical include acetophenone and
benzaldehyde (Hoshino et al., 1978).

Ethylbenzene is identified under the section 112(b){1) of the U.S. Clean Air Act
amendment of 1990 as a Hazardous Air Pollutant (HAP). This followed the U.S. EPA’s
determination that ethylbenzene is known to have, or may have, adverse effects on
human health or the environment. On April 8, 1993, the California Air Resources Board
(ARB) identified, by regulation, all 189 of the then listed HAPs as Toxic Air
Contaminants (TACs). This was in response to the requirement of Health and Safety
Code Section 39657(b).

Non-cancer health effects of ethylbenzene have been recognized for some time, and these
were the basis for a Chronic Inhalation Reference Exposure Level (¢cREL) developed by
OEHHA (2000) for use in the Air Toxics Hot Spots (AB2588) program. The cREL
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adopted was 2000 ug/m* (400 ppb), based on effects in the alimentary system (liver),
kidney and endocrine system.

Summary of Carcinogenic Health Effects of Ethylbenzene

Maltoni e al. (originally reported in 1985; additional information published in 1997)
studied the carcinogenicity of ethylbenzene in male and female Sprague-Dawley rats
exposed via gavage. The authors reported increases in the percentage of animals with
malignant tumors and with tumors of the nasal and oral cavities associated with exposure
to ethylbenzene. Reports of these studies lacked detailed information on the incidence of
specific tumors, statistical analysis, survival data, and information on historical controls.
Results of the Maltoni er a/. studies were considered inconclusive by IARC (2000) and
NTP (1999).

Because of the potential for significant human exposure to ethylbenzene, NTP (1999)
carried out inhalation studies in B6C3F, mice and F344/N rats. NTP found clear
evidence of carcinogenic activity in male rats and some evidence in female rats, based on
increased incidences of renal tubule adenoma or carcinoma in male rats and renal tubule
adenoma in females. NTP (1999) also noted increases in the incidence of testicular
adenoma in male rats. Increased incidences of lung alveolar/bronchiolar adenoma or
carcinoma were observed in male mice and liver hepatocellular adenoma or carcinoma in
female mice, which provided some evidence of carcinogenic activity in male and female
mice (NTP, 1999).

TARC (2000) classified ethylbenzene as Group 2B, possibly carcinogenic to humans,
based on the NTP studies. The State of California’s Proposition 65 program listed
ethylbenzene as a substance known to the state to cause cancer on June 11, 2004. In view
of the NTP data and the identification of ethylbenzene as known to the state to cause
cancer, it is appropriate to provide a cancer risk estimate for ethylbenzene for use in the
Toxic Air Contaminants program. The following summary (to be included as an
addendum to the Air Toxics Hot Spots Program Risk Assessment Guidelines: Part II,
Technical Support Document for describing available Cancer Potency Factors) provides
an analysis of the carcinogenicity data for ethylbenzene, and derives a cancer potency
factor (mg/kg-d)™ and unit risk factor (ug/m®)"' for use in risk assessments of
environmental exposures to ethylbenzene.
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ETHYLBENZENE
CAS No: 100-41-4

/. PHYSICAL AND CHEMICAL PROPERTIES
(From HSDB, 2003)

Molecular weight ©106.2

Boiling point 136.2°C

Melting point -94.9°C

Vapor pressure 9.6 mm Hg @ 25°C

Air concentration conversion 1 ppm = 4.35 mg/m® @ 25°C

i1 HEALTH ASSESSMENT VALUES

Unit Risk: 2.5x10-6 (pg/m3)-1
Inhalation Cancer Potency: .0087 (mg/kg-day)-1
Oral Cancer Potency: 0.011 (mg/kg-day)-1

The unit risk and cancer potency values for ethylbenzene were derived from the National
Toxicology Program (NTP, 1999) male rat renal tumor data, using the linearized
multistage (LMS) methodology with lifetime weighted average (LTWA) doses. Methods
are described in detail below. The use of a physiologically-based pharmacokinetic
(PBPK) model to derive internal doses for the rodent bioassays was explored, Unit risk
and cancer potency values based on the PBPK internal doses were not markedly different
than those based on the LTWA doses, and involved a number of assumptions. Because
the PBPK modeling is uncertain and the results were relatively insensitive to the
approach used, the LMS results based on the LTWA doses were selected as most
appropriate.

HHLMETABOLISM and CARCINOGENIC EFFECTS
Metabolism

Ethylbenzene is rapidly and efficiently absorbed in humans via the inhalation route
(ATSDR, 1999). Human volunteers exposed for 8 hours to 23-85 ppm retained 64% of
inspired ethylbenzene vapor (Bardodej and Bardodejova, 1970). Gromiec and Piotrowski
(1984) observed a lower mean uptake value of 49% with similar ethylbenzene exposures.
There are no (}[uantitative oral absorption data for ethylbenzene or benzene in humans but
studies with ["*C]-benzene in rats and mice indicate gastrointestinal absorption in these
species was greater than 97% over a wide range of doses (Sabourin ef af., 1987).

Most of the metabolism of ethylbenzene is governed by the oxidation of the side chain
(Fishbein, 1985). Engstrom (1984) studied the disposition of ethylbenzene in rats
exposed to 300 or 600 ppm (1305 or 2610 mg/m>) for six hours. Engstrom assumed 60
percent absorption of inhaled ethylbenzene and calculated that 83% of the 300 ppm dose
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was excreted in the urine within four hours of exposure. At the higher exposure of 600
ppm only 59 percent of the dose was recovered in the urine within 48 hr of exposure.
Fourteen putative ethylbenzene metabolites were identified in the urine of exposed rats.
The principal metabolites were |-phenylethanol, mandelic acid, and benzoic acid.
Metabolism proceeded mainly through oxidation of the ethyl moiety with ring oxidation
appearing to play a minor rote. Other metabolites included acetophenone, w-
hydroxyacetophenone, phenylglyoxal, and 1-phenyl-1, 2-ethandiol. Ring oxidation
products include p-hydroxy- and m-hydroxyacetophenone, 2-ethyl- and 4-ethylphenol.
With the exception of 4-hydroxyacetophenone all these other metabolites were seen only
in trace amounts.

The metabolism of ethylbenzene was studied in humans (number unstated) exposed at 23
to 85 ppm (100 to 370 mg/m’) in inhalation chambers for eight hours (Bardodej and
Bardodejova, 1970). About 64 percent of the vapor was retained in the respiratory tract
and only traces of ethylbenzene were found in expired air after termination of exposure.
In 18 experiments with ethylbenzene, the principal metabolites observed in the urine
were: mandelic acid, 64%; phenylglyoxylic acid, 25%; and 1-phenylethanol, 5%.

Engstrom et al. (1984) exposed four human male volunteers to 150 ppm ethylbenzene
(653 mg/m?) for four hours. Urine samples were obtained at two-hr intervals during
exposure and periodically during the next day. Metabolites identified in the 24-hr urine
included: mandelic acid, 71.5 * 1.5%; phenylglyoxylic acid, 19.1 +2.0%; 1-
phenylethanol, 4.0 + 0.5%; 1-phenyl-1, 2-ethanediol, 0.53 + 0.09%; acetophenone, 0.14 +
0.04%; - hydroxyacetophenone, 0.15 % 0.05%; m-hydroxyacetophenone, 1.6 + 0.3%;
and 4-ethylphenol, 0.28 + 0.06%. A number of the hydroxy and keto metabolites were
subject to conjugation, Differences were observed between the concentrations obtained
with enzymatic and acid hydrolysis. For example, 50% of maximal yield of 4-
ethylphenol was obtained with glucuronidase or acid hydrolysis and 100% with sulfatase
indicating the presence of glucuronide and sulfate conjugates of this metabolite.
Alternatively, acetophenone gave only 30-36% yield with enzymatic treatment but 100%
with acid hydrolysis indicating the presence of other conjugates not susceptible to
glucuronidase or sulfatase. The metabolic scheme proposed by Engstrom et /. (1984) is
shown in Figure 1.

Gromiec and Piotrowski (1984) measured ethylbenzene uptake and excretion in six
human volunteers exposed at concentrations of 18 to 200 mg/m* for eight hours.
Average retention of ethylbenzene in the lungs was 49 + 5% and total excreted mandelic
acid accounted for 55 £ 2% of retained ethylbenzene.

Tardif et al. (1997) studied physiologically-based pharmacokinetic (PBPK) modeling of
ternary mixtures of alkyl benzenes including ethylbenzene in rats and humans. As part of
this investigation they determined Vmax and Km Kinetic parameters for the rat by best fit
of model simulations to the time-course data on the venous blood concentrations of
ethylbenzene following single exposures. The maximal velocity (Vmax) was 7.3 mg/hr-
kg body weight and the Michaelis-Menten affinity constant (Km) was 1.39 mg/L. For the
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human PBPK model the Vmax value from the rat was scaled on the basis of (body
weight)®™*. All other chemical and metabolic parameters were unchanged.
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Figure 1. Human Ethylbenzene Metabolism (adapted from Engstrom et al., 1984),

The scaling of rodent metabolism of alkylbenzenes to humans was evaluated using
kinetic data in an exposure study with human volunteers. Four adult male subjects (age,
22-47; body weight, 79-90 kg) were exposed to 33 ppm ethylbenzene for 7 hr/d in an
exposure chamber. Urine samples were collected during (0-3 hr) and at the end (3-7 hr)
of exposure and following exposure (7-24 hr). For the 0-24 hr collections mandelic acid
amounted to 927 & 281 umol and phenylglyoxylic acid 472 £ 169 umol. Venous blood
(5.5 to 8 hr) and expired air (0.5 to 8 hr) were also measured in the subjects and exhibited
good correspondence with PBPK model predictions. It is interesting that the metabolism
of ethylbenzene in these human subjects was not significantly affected by simultaneous
exposure to the other alkyl benzenes (toluene and xylene) studied. The metabolic
parameters for ethylbenzene used by Haddad et al. (2001) and in the internal dosimetry
modeling presented below were based on this study.

The oxidation of ethylbenzene to 1-phenylethanol by human liver microsomes and
recombinant human cytochrome P450s was investigated by Sams ef al. (2004). Human
liver microsomes from seven subjects (four male, three female, age 37-74) and
microsomes expressing recombinant human CYP1A2, 2A6, 2B6; 2C9*1(Argl44), 2C19,
2D6, 2E1, and 3A4 co-expressed with cytochrome P450 reductase/cytochrome b5 were
both obtained from commercial sources. Kinetic experiments were conducted with
microsomes and ethylbenzene over a 10-5000 pM substrate concentration range. For
chemical inhibition experiments, selective inhibitors of specific CYP isoforms were used
to obtain maximum inhibition of the target CYP with minimum effect on other CYPs.
Eadie-Hofstee plots (V vs. V/8) indicated that the reaction of ethylbenzene to |-
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phenylethanol with human liver microsomes was biphasic with low and high affinity
components. The Michaelis-Menten equatlon was fit to the data and kinetic constants
obtained by regression analysis. One microsome preparation was found to give a
noticeably less curved Eadie-Hofstee plot and metabolized ethylbenzene at a much higher
rate than the other preparations (Vmax = 2922 pmol/min/mg). It was excluded from the
statistical analysis. For the high affinity reaction the mean Vmax was 689 + 278
pmol/min/mg microsomal protein and the Km = 8.0 + 2.9 uM (n = 6). For the low
affinity reaction the Vmax was 3039 + 825 pmol/min/mg and Km =391 + 117 pM (n =
6). The intrinsic clearance values of Vmax/Km were 85.4 + 15.1 and 8.3 + 3.0 for the
high and low affinity reactions, respectively. The high affinity component of pooled
human liver microsomes was inhibited 79%-95% by diethyldithiocarbamate, and
recombinant CYP2E] metabolized ethylbenzene with a low Km of 35 p and low Vmax
of 7 pmol/min/pmol P450, indicating that the CYP2E] isoform catalyzed this component.
Recombinant CYP1A2 and CYP2B6 exhibited high Vmaxs (88 and 71 pmol/min/pmol
P450, respectively) and Km’s (502 and 219 pM, respectively), indicating their role in the
low affinity component. The mean Vmax and Km values above were used by OEHHA in
addition to those from Haddad er a/, (2001) in our human PBPK modeling of
ethylbenzene.

Charest-Tardif e/ al. (2006) characterized the inhalation pharmacokinetics of
ethylbenzene in male and female B6C3FI mice. Initially groups of animals were
exposed for four hr to 75, 200, 500 or 1000 ppm ethylbenzene. Subsequently groups of
animals were exposed for six hr to 75 and 750 ppm for one or seven consecutive days.
The maximum blood concentration (Cmax, mean (+ SD), n = 4) observed after four hr
exposure to 75, 200, 500 and 1000 ppm was 0.53 (0.18), 2.26 (0.38), 19.17 (2.74), and
82.36 (16.66) mg/L, respectively. The blood AUCs were 88.5, 414.0, 3612.2, and
19,104.1 (mg/L})-min, respectively, in female mice, and 116.7, 425.7, 3148.3, 16039.3
(mg/L)-min, respectively in male mice. The comparison of Cmax and kinetics of
ethylbenzene in mice exposed to 75 ppm indicated similarity between 1 and 7-day
exposures. However, at 750 ppm elimination of ethylbenzene appeared to be greater
after repeated exposures. Overall, the single and repeated exposure PK data indicate that
ethylbenzene kinetics is saturable at exposure concentrations above 500 ppm but is linear
at lower concentrations.

Backes e al. (1993) demonstrated that alkylbenzenes with larger substituents (e.g.,
ethylbenzene, m-, p-xylene, n-propylbenzene) were effective inducers of microsomal
enzymes compared 1o those with no or smaller substituents (benzene, toluene).
Cytochrome P450 2B1 and 2B2 levels were induced with the magnitude of induction
increasing with hydrocarbon size. P450 1A was also induced but less than 2B. A single
intraperitoneal (i.p.) dose of 10 mmol/kg in rats was selected for optimum induction
response with no overt toxic effects.

Bergeron ef al. (1999) using the same daily dose of ethylbenzene for up to ten days
observed changes in expression of CYP 2B1, 2B2, 2E1, and 2C11. While CYP 2C11 and
2E1 were attenuated by repeated dosing of ethylbenzene, CYP 2Bs were elevated after
initial dosing despite the absence of detectable 2B1 or 2B2 mRNA. The authors
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interpreted this observation as the initial ethylbenzene dose leading to an increase in
ethylbenzene clearance and an overall decrease in tissue ethylbenzene levels with
repeated dosing and decreased induction effectiveness.

Serron et al. (2000) observed that treatment of rats with ethylbenzene (i.p., 10 mmol/kg)
led to increased free radical production by liver microsomes compared to corn oil
controls. Oxygen free radical generation was measured in vitro by conversion of 2°, 7°-
dichlorofluorescein diacetate (DCFH-DA) to its fluorescent product 2°, 7’-
dichlorofluorescein (DCF). A significant elevation (40%) of DCF was seen despite lack
of effect on overall P450 levels. The DCF product formation was inhibited by catalase
but not by superoxide dismutase suggesting a H,0» intermediate. Anti-CYP2B
antibodies inhibited DCF production indicating involvement of CYP2B. As noted above
ethylbenzene treatment induces increased production of CYP2B.

While the doses in these studies were quite high at over 1000 mg/kg-d by the
intraperitoneal route, earlier studies by Elovaara ef al. (1985) showed P450 induction in
livers of rats exposed to 50, 300 and 600 ppm (218, 1305 and 2610 mg/m°) for 6
hours/day, 5 days/week for up to 16 weeks. So it is possible that the types of effects
discussed above, notably the production of reactive oxygen species via induced CYP 2B,
may have occurred during the cancer bioassays.

Genotoxicity

In vitro and in vivo animal studies

Ethylbenzene has been tested for genotoxicity in a variety of in virre and in vivo
genotoxicity assays. Those studies have been reviewed by ATSDR (1999).

Ethylbenzene has not demonstrated genotoxicity in Sa/monella reverse mutation assays.
Those studies are listed in Table 1. All studies were performed in the presence and
absence of metabolic activation (rat liver §9), and were negative. It has not been tested in
Salmonella strains sensitive to oxidative DNA damage.

Table 1. Ethylbenzene Sa/monella reverse mutation studies

Test strains Reference

TA98, TA100, TA1535, TA1537 Florin ef al., 1980
TA98, TA100, TA1535, TA1537, TA1538 [Nestmann et al., 1980
TA98, TA100, TA1535, TA1537, TA1538 |Dean ef al., 1985

TA97, TA98, TA100, TA1535 NTP, 1986
TA97, TA98, TA100, TA1535 NTP, 1999
TA98, TA100 Kubo et af., 2002

Ethyibenzene also did not induce mutations in the WP2 and WP2uvrA strains of
Escherichia coli in the presence and absence of metabolic activation (Dean et al., 1985),
or in Saccharomyces cerevisiae strains JDI (Dean ef af., 1985), XV185-14C, and D7 as
measured by gene conversion assays (Nestmann and Lee, 1983).
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Ethylbenzene has been observed to induce mutations in L5178Y mouse lymphoma celis
al the highest nonlethal dose tested (80 pg/mL) (McGregor ef al., 1988; NTP, 1999).
However, NTP noted significant cytotoxicity at this dose level (relative total growth was
reduced to 34% and 13% of the control level in each of two trials).

Data on the ability of ethylbenzene to induce chromosomal damage in non-human
mammalian cells are negative. Ethylbenzene did not cause chromosomal damage in rat
liver epithelial-like (RL4) cells (Dean er af., 1985). Additionally, ethylbenzene did not
induce an increase in either sister chromatid exchanges (SCE) or chromosomal
aberrations in Chinese hamster ovary (CHO) cells in the presence or absence of
metabolic activation (NTP 1986, 1999).

The frequency of micronucleated erythrocytes in bone marrow from male NMRI mice
exposed to ethylbenzene by intraperitoneal injection was not significantly increased
compared to controls (Mohtashamipur er al., 1985). Additionally, ethylbenzene did not
increase the frequency of micronucleated erythrocytes in peripheral blood from male and
female B6C3F, mice treated for 13 weeks with ethylbenzene (NTP, 1999),

Midorikawa ef af (2004) reported oxidative DNA damage induced by the metabolites of
ethylbenzene, namely ethylhydroquinone and 4-ethylcatechol. Ethylbenzene was
metabolized to 1-phenylethanol, acetophenone, 2-ethylphenol, and 4-ethylphenol by rat
liver microsomes in vitro. 2-Ethylphenol and 4-ethylphenol were ring-dihydroxylated to
ethylhydroquinone (EHQg and 4-ethylcatechol (EC). These dihydroxylated metabolites
induced DNA damage in **P-labeled DNA fragments from the human p33 tumor
suppressor gene and induced the formation of 8-oxo-7, 8-dihydro-2’-deoxyguanosine in
calf thymus DNA in the presence of Cu(Il). Addition of exogenous NADH enhanced
EC-induced oxidative DNA damage but had little effect on EHQ action. The authors
suggest that Cu(I} and H,O; produced via oxidation of EHQ and EC were involved in
oxidative DNA damage. NADH enhancement was attributed to reactive species
generated from the redox cycle of EC — 4-ethyl-1, 2-benzoquinone — EC. Similar
effects of NADH were observed with benzene metabolites and catechol (Hirakawa et al.
2002).

In vitro and in vive human studies

Norppa and Vainio (1983) exposed human peripheral blood lymphocytes to ethylbenzene
in the absence of metabolic activation. The authors reported that ethylbenzene induced a
marginal increase in SCEs at the highest dose tested, and that the increase demonstrated a
dose-response.

Holz ef al. (1995) studied genotoxic effects in workers exposed to volatile aromatic
hydrocarbons (styrene, benzene, ethylbenzene, toluene and xylenes) in a styrene
production plant. Peripheral blood monocytes were assayed for DNA adducts using a
nuclease P1-enhanced **P-postlabeling assay, and DNA single strand breaks, SCEs and
micronuclei frequencies in peripheral blood lymphocytes were determined in workers and
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controls. No significant increases in DNA adducts, DNA single strand breaks, SCEs or
total micronuclei were noted in exposed workers. Significantly increased kinetochore-
positive micronuclei (suggestive of aneuploidy-induction) were noted in total exposed
workers, exposed smokers, and exposed non-smokers. However, the mixed exposures
made it impossible to ascribe the kinetochore-positive micronuclei increase in exposed
workers solely to ethylbenzene or other chemical exposure.

The effects of benzene and ethylbenzene exposure on chromosomal damage in exposed
workers were examined by Sram ef al. (2004). Peripheral blood lymphocytes from
exposed workers and controls were analyzed for chromosomal aberrations. Exposure to
ethylbenzene resulted in a significant increase in chromosomal aberrations. A reduction
in ethylbenzene concentration due to improved workplace emissions controls resulted in
a reduction in chromosomal damage in exposed workers. However, these workers were
also exposed to benzene, making it impossible to determine if the chromosomal damage
was due to ethylbenzene.

Ethylbenzene sunlight-irradiation products

Toda er al. (2003) found that sunlight irradiation of ethylbenzene resulted in the
formation of ethylbenzenc hydroperoxide (EBH). EBH induced oxidative DNA damage
in the presence of Cu®* as measured by the formatlon of 8-hydroxy-deoxyguanosine (8-
OH-dG) adducts in calf thymus DNA. The Cu**-specific chelator bathocuproine strongly
inhibited EBH-induced oxidative DNA damage. Superoxide dismutase (catalyzes
superoxide decomposition) partly inhibited 8-OH-dG adduct formation, and catalase
(catalyzes hydrogen peroxide decomposition) slightly inhibited 8-OH-dG adduct
formation.

Summary of ethylbenzenc genotoxicity

The above data indicate that ethylbenzene generally has not been demonstrated to induce
gene mutations or chromosomal damage in bacteria, yeast or non-human mammalian
cells, with the exception of positive results in the L5178Y mouse lymphoma cel]
mutation assay at concentrations producing significant cytotoxicity (McGregor ef al.,
1988; NTP, 1999). Data on the genotoxicity of ethylbenzene in humans is mixed
(Norppa and Vainio, 1983; Holz ez al., 1995; Sram et al., 2004), and interpretation of the
epidemiological studies is made difficult because of confounding due to coexposures to
other chemicals, including benzene. Ethylbenzene has been demonstrated to generate
reactive oxygen species in liver microsomes from exposed rats (Serron ef al., 2000), and
ethylbenzene hydroperoxide (a sunlight-irradiation product) has been demonstrated to
induce oxidative DNA damage in calf thymus DNA in vitro (Toda et al., 2003). The
ethylbenzene metabolites EHQ and EC have demonstrated the ability to induce oxidative
DNA damage in human DNA in vitro (Midorikawa et al., 2004).

Animal Cancer Bioassays
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Maltoni ef al. (originally reported in 1985; additional information published in 1997)
studied the carcinogenicity of ethylbenzene in male and female Sprague-Dawley rats
exposed via gavage. The authors reported an increase in the percentage of animals with
malignant tumors associated with exposure to ethylbenzene. In animals exposed to 800
mg/kg bw ethylbenzene, Maltoni ef al. (1997) reported an increase in nasal cavity tumors,
type not specified (2% in exposed females versus 0% in controls),
neuroesthesioepitheliomas (2% in exposed females versus 0% in controls; 6% in exposed
males versus 0% in controls), and oral cavity tumors (6% in exposed females versus 2%
in controls; 2% in exposed males versus 0% in controls). These studies were limited by
inadequate reporting and were considered inconclusive by NTP (1999) and IARC (2000).

The National Toxicology Program (NTP, 1999; Chan et al., 1998) conducted inhalation
cancer studies of ethylbenzene using male and female F344/N rats and B6C3F, mice.
Groups of 50 animals were exposed via inhalation to 0, 75, 250 or 750 ppm ethylbenzene
for 6.25 hours per day, 5 days per week for 104 (rats) or 103 (mice) weeks.

Survival probabilities were calculated by NTP (1999) using the Kaplan-Meier product-
limit procedure. For male rats in the 75 ppm and 250 ppm exposure groups, survival
probabilities at the end of the study were comparable to that of controls but significantly
less for male rats in the 750 ppm exposure group (30% for controls and 28%, 26% and
4% for the 75 ppm, 250 ppm and 750 ppm exposure groups, respectively). NTP (1999)
stated that the mean body weights of the two highest exposure groups (250 and 750 ppm)
were “generally less than those of the chamber controls from week 20 until the end of the
study.” Expressed as percent of controls, the mean body weights for male rats ranged
from 97 to 101% for the 75 ppm group, 90 to 98% for the 250 ppm group, and 81 to 98%
for the 750 ppm group.

In female rats, survival probabilities were comparable in all groups (62% for controls and
62%, 68% and 72% for the 75 ppm, 250 ppm and 750 ppm exposure groups,
respectively). NTP (1999) reported that the mean body weights of exposed female rats
were “generally less than those of chamber controls during the second year of the study.”
Expressed as percent of controls, the mean body weights for female rats ranged from 92
to 99% for the 75 ppm group, 93 to 100% for the 250 ppm group, and 92 to 99% for the
750 ppm group.

The incidences of renal tumors (adenoma and carcinoma in males; adenoma only in
females) were significantly increased among rats of both sexes in the high-dose group
(males: 3/50, 5/50, 8/50, 21/50; females: 0/50, 0/50, 1/50, 8/49 in control, 75 ppm, 250
ppm and 750 ppm groups respectively [standard and extended evaluations of kidneys
combined]). The incidence of testicular adenomas (interstitial and bilateral) was
significantly elevated among high-dose male rats (36/50, 33/50, 40/50, 44/50 in control,
75 ppm, 250 ppm and 750 ppm groups respectively). NTP noted that this is a common
neoplasm, which is likely to develop in all male F344/N rats that complete a natural life
span; exposure (o ethylbenzene “appeared to enhance its development.,” NTP concluded
that there was clear evidence of carcinogenicity in male rats and some evidence in female
rats, based on the renal tumorigenicity findings.
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The survival probabilities at the end of the study for exposed male mice were comparable
to that of controls (57% for controls and 72%, 64% and 61% for the 75 ppm, 250 ppm
and 750 ppm exposure groups, respectively). The same was true for exposed female
mice (survival probabilities at end of study: 71% for controls and 76%, 82% and 74% for
the 75 ppm, 250 ppm and 750 ppm exposure groups, respectively). Mean body weights
in exposed male mice were comparable to those of controls. NTP (1999) reported that
the mean body weights in exposed female mice were greater in the 75 ppm group
compared to controls after week 72, and generally lower in the 750 ppm group compared
to controls from week 24 through week 68. Expressed as percent of controls, the ranges
of mean body weights in exposed female mice were 96 to 110% in the 75 ppm group, 93
to 108% in the 250 ppm group, and 92 to 101% in the 750 ppm group.

Increased incidences of alveolar/bronchiolar adenoma and adenoma or carcinoma
(combined) were observed in male mice in the high-dose group (7/50, 10/50, 15/50,
19/50 in control, 75 ppm, 250 ppm and 750 ppm groups respectively). Among female
mice in the high-dose group, the incidences of combined hepatocellular adenoma or
carcinoma and hepatocellular adenoma alone were significantly increased over control
animals ( for adenomas and carcinomas the tumor incidences were 13/50, 12/30, 15/50,
25/50 in control, 75 ppm, 250 ppm and 750 ppm groups, respectively). NTP (1999)
concluded that these findings provided some evidence of carcinogenicity in male and
fermale mice.

Human Studies of Carcinogenic Effects

Studies on the effects of workplace exposures to ethylbenzene have been complicated by
concurrent exposures to other chemicals, such as xylenes and benzene. IARC (2000)
concluded that there was inadequate evidence in humans for the carcinogenicity of
ethylbenzene.

V. DERIVATION OF CANCER POTENCY
Mechanism of Action and Basis for Cancer Potency

The derivation of a cancer potency value is based on either the demonstration of a mode
of action (MOA) supporting a low dose linear dose-response or insufficient evidence
supporting an alternative nonlinear low dose response leading to a NOAEL or margin of
exposure for the observed tumor response. Thus, when no MOA can be convincingly
established, a low dose linear dose-response is assumed by default in cancer risk
assessment. The U.S. EPA (2005) has provided a detailed framework for evaluating the
evidence supporting potential MOAs. In this analysis we evaluated data relevant to the
MOA for ethylbenzene carcinogenicity .

Hard (2002) suggested that “chemically induced exacerbation of CPN [chronic
progressive nephropathy] was the mode of action underlying the development of renal
neoplasia” in the NTP ethylbenzene studies. In a retrespective evaluation of NTP chronic

12

68



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

studies, Seely er al. (2002) found that renal tubule cell neoplasms (RTCNSs) “tend to
occur in animals with a slightly higher severity of CPN than animals without RTCNS.
However, the differential is minimal and clearly there are many male F344 rats with
severe CPN without RTCNs.” Seely ef al. (2002) go on to say that “the data from these
retrospective reviews suggest that an increased severity of CPN may contribute to the
overall tumor response. However, any contribution appears to be marginal, and
additional factors are likely involved.”

Stott ez al. (2003) reported accumulation of the male rat specific protein a:2u-globulin in
1-week and 4-week inhalation studies of ethylbenzene in groups of six (1-week study) or
eight (4-week study) male rats; the accumulation measured as an increase in hyaline
droplets in proximal convoluted tubules was statistically significant only in the 1-week
study. In the 13-week and 2-year inhalation studies of ethylbenzene, NTP (1992; 1999)
found no evidence of an increase in hyaline droplets in treated rats. NTP (1999) therefore
dismissed any involvement of a2u-globulin accumulation in renal tumor development in
rats. The fact that the lesion appears in both male and female rats further argues against
the involvement of a2u-globulin in the development of kidney toxicity. This mechanism
was discounted by Hard (2002) as well. Stott ef al. (2003) also postulated mechanisms of
tumorigenic action involving cell proliferation and/or altered cell population dynamics in
female mouse liver and male mouse lung. Stott et al. (2003) propose various hypothetical
mechanisms which might involve nonlinear dose responses but the metabolism data
clearly show the formation of epoxides and related oxidative metabolites, which could
potentially be involved in a genotoxic mechanism of carcinogenic action possibly similar
to benzene. Midorikawa ef al. (2004) reported that the oxidative metabolism of
ethylbenzene metabolites ethylhydroquinone and 4-ethylcatechol resulited in oxidative
DNA damage in vitro. In view of the variety of metabolites and possible modes of action
a low-dose linearity assumption is considered appropriate when extrapolating from the
point of departure to obtain an estimate of the cancer risk at low doses with the BMD
methodology as is use of the LMS approach.

Unit risk values for ethylbenzene were calculated based on data in male and female rats
and mice from the studies of NTP (1999) utilizing both linearized multistage and
benchmark dose methods. The incidence data used to calculate unit risk values are listed
below in Tables 2 thru 6. The methodologies for calculating average concentration,
lifetime weighted average (LTWA) dose and PBPK adjusted internal dose are discussed
below. An internal dose metric representing the amount of ethylbenzene metabolized per
kg body weight per day (metabolized dose) was used in the dose response analysis with
published PBPK modeling parameters. In addition, for the mouse, recent
pharmacokinetic data simulating mouse bioassay conditions were used to improve PBPK
model predictions (Tables 5 and 6).

The metabolized dose metric is considered the most appropriate metric for assessment of
carcinogenic risks when the parent compound undergoes systemic metabolism to a
variety of oxidative metabolites which may participate in one or more mechanisms of
carcinogenic action, and the parent compound is considered unlikely to be active. In this
case the dose response relation is likely to be more closely related to the internal dose of
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metabolites than of the parent compound. Other metrics commonly investigated using
PBPK methods are the area under the concentration-time curve (AUC), and the
maximum concentration (Cmax) for parent or metabolites in blood and target tissues.
The PBPK metabolized dose metric was used in the ethylbenzene dose-response analysis.

Table 2, Incidence of renal tubule aﬂenoma or carcinoma in male rats exposed to
ethylbenzene via inhalation and relevant dose metrics (from NTP, 1999).

Chamber Average LTWA PBPK Tumor Statistical
concentration concentration® dose® metabolized incidence’ significance®
(ppm) (mg/m’)  (mg/kg-  dose®
WY (mykg-d)
0 0 0 0 3/42 p <0.001"
75 60.7 35.6 21.15 5/42 p=10.356
250 202 119 56.87 8/42 p=0.0972
750 607 356 105.47 21/36 p <0.001

a.  Average concentration during exposure period calculated by multiplying chamber concentration by
6.25 hours/24 hours, 5 days/7 days, and 4.35 mg/m’/ppm.

b. Lifetime weighted average doses determined by multiplying the lifetime average concentrations
during the dosing period by (he male ral breathing rate (0.264 m'/day) divided by the male rat body
weight (0.450 kg). The duration of exposure was 104 weeks, 50 no comrection for less than lifetime
exposure was required.

¢. Rodent PBPK models were used to estimate internal doses under bioassay conditions; methods are
described in detail below,

d. Effectiverate, Animals that died before the first occurrence of rumor (day 572) were removed
from the denominator.

e. The p-value listed next to dose groups is the resull of pair wise comparison with controls using the
Eisher exact test.

f. The p-value listed next to the control group is the result of trend tests conducted by NTP (1999)
using the life 1able, logistic regression and Cochran-Amitage methods, with all methods producing
the same result.
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Table 3. Incidence of testicular adenoma in male rats exposed to cthylbenzene via
inhalation and relevant dose metrics (from NTP, 1999),

Chamber Average LTWA PBPK Tumor Statistical
concentration concentration” dose” metabolized incidence® significance’
(ppm) (mg/m’)  (mg/kg- dose’
day)  (mg/kg-d)
0 0 0 0 36/48 p <0.001'
p=0.0108
75 60.7 35.6 21.15 33/46 p=0.450N
250 202 119 56.87 40/49 p=0.293
750 607 356 105.47 44/47 p<0.05

a. Average concentration during exposure period calculated by multiplying chamber concentration
by 6.25 hours/24 hours, 5 days/7 days, and 4.35 mg/m’/ppm.

b. Lifetime weighted average doses determined by mulliplying the lifetime average concentrations
during the dosing period by the male ral breathing rate (0.264 m*/day) divided by the male rat
body weight (0.450 kg}. The duration ofexposure was 104 weeks, so no correction for less than
lifelime exposure was required.

¢. Rodent PBPK models were used Lo estimate mlemal doses under bioassay conditions; methods are
described in detail below.

d. Effectiverale. Animals that died before the first occurrence of tumor (day 420) were removed
from the denominator.

€. The p-value listed next to dose groups is the resull of pair wise comparison with conirols using the
Fisher exact test. An *N” after the p-value signifies that the incidence in the dose group is lower
than that in the control group. The p-values listed next to the control group are the result of trend
lests conducted by NTP (1999) using the methods specified in the following footnotes,

f. Results of trend tests conducted by NTP (1999) using the life table and logistic regression tests.

g. Result of Cochran-Amnitage trend test conducted by NTP {1999),
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Table 4. Incidence of renal tubule adenoma in female rats exposed to ethylbenzene
via inhalation and relevant dose metrics (from NTP, 1999),

Chamber Average LTWA PBPK Tumor Statistical
concentration concentration® dose_b metabolized incidence” significance®
(ppm) (mg/m’)  (mg/kg- dose’
day)  (mg/kg-d)
0 0 0 0 0/32 p <0.001"
75 60.7 41.6 24.22 0/35 -
250 202 139 63.72 1/34 p=0.515
750 607 416 1153 8/37 p<0.01

a. Average concentration during exposure period calculated by multiplying chamber concentration
by 6.25 hours/24 hours, 5 days/7 days, and 4.35 mg/m3/ppm.

b. Lifetime weighted average doses were determined by multiplying the lifetime average
concentrations during the dosing period by the female rat-breathing rate (0.193 m3/day) divided
by the female ral body weight (0.282 kg). The duration of exposure was 104 weeks, so no
correction for less than lifetime exposure was required.

c. Rodent PEPK models were used (o estimate internal doses under bicassay conditions; methods are
described in detail below. }

d. Effective rale. Animals that died before the first occurrence of tumor (day 722) were removed
from the denominator. ,

€. The p-value listed next (o dose groups is the result of pair wise comparison with controls using the
Fisher exact test.

£, The p-value listed next to the control group is the result of trend tests conducted by NTP (1999)
using the life table, logistic regression and Cochran-Armitage methods, with all methods
producing the same resull,
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Table 5. Incidence of lung alveolar/bronchiolar carcinoma or adenoma in male
mice exposed to ethylbenzene via inhalation and relevant dose metrics

(from NTP, 1999).
Chamber  Average LTWA PBPK PBPK Tumor Statistical
concentra- concentra- dose” metabolized metabolized incidence® significance’
tion tion® (mg/kg- dose* dose -
(ppm)  (mgm’)  day)  (mg/kg-d)  Charest-
Tardif®
(mg/kg-d)
0 0 0 0 0 7/46 p = 0.004°
75 60.7 69.3 40.40 46.60 10/48 p=10.331
250 202 231 89.38 152.8 15/50 p=10.0688
750 607 693 134.77 340.2 19/48 p < 0.01

a. Average concentralion during exposure period calculated by multiplying chamber concentration by
6.25 hours/24 hours, 5 days/7 days, and 4.35 mg/m*/ppm.

b. Lifetime weighted average doses were determined by multiplying the average concentrations
during the dosing period by the male mouse breathing rate (0.0494 m*/day) divided by the male
mouse body weipht (0.0429 kg) and by 103 weeks/104 weeks Lo correct for less than lifetime
exposure.

¢. Rodent PBPK models were used to eslimate internal doses under bioassay conditions; methods are
described in detail below.

d. PBPK metabolized dose based on published parameters from Charest-Tardif er al. (2006).

¢. Effectiverate. Animals that died before the first occurrence of tumor {day 418) were removed
from the denominator. .

f.  The p-value listed next to dose groups is the result of pair wise comparison with controls using the
Fisher exact test.

g The p-value listed next to the control group is the result of rend tests conducted by NTP (1999)
using the life table, logistic regression and Cochran-Armitage methods, with all methods producing
the same result.
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Table 6. Incidence of liver hepatocellular carcinoma or adenoma in female mice
exposed to ethylbenzene via inhalation and relevant dose metrics (from

NTP, 1999).
Chamber  Average LTWA PBPK PBPK Tumor Statistical
concenfra- concentra- dose® metabolized metabolized incidence® significance’
tion tion” (mg/kg- dose® dose -
(ppm) (mg/m”) day) (mg/kg-d)  Charest-
Tardif*
(mg/kg-d)
0 0 0 0 0 13/47 p=0.0045
p=0.002"
75 60.7 71.6 41.53 47.98 12/48 p=0.479N
250 202 239 91.22 157.3 15/47 p=0411
750 607 716 136.68 - 348.1 25/48 p <0.05

a. Average concentration during exposure period calculated by multiplying chamber concentration
by 6.25 hours/24 hours, 5 days/7 days, and 4.35 mg/m’/ppm.

b. Lifetime weighted average doses were determined by multiplying the average concentrations
during the dosing period by the female mouse breathing rate (0.0463 m*/day) divided by the
female mouse body weight (0.0389 kg) and by 103 weeks/104 weeks o correct for less than
lifetime exposure.

¢. Rodent PBPK models were used to estimate intemal doses under btoassay conditions; methods are
described in detail below.

d. PBPK metabolized dose based on published parameters from Charest-Tardif er af. (2006).

e. Effective rate. Animals that died before the first oceurrence of tumor (day 562) were removed
from the denominator,

f.  The p-value listed next to dese groups is the result of pair wise comparison with controls using the
Fisher exact test. An “N™ afler the p-value signifies that the incidence in the dose group is lower
1han that in the control group. The p-value listed next to the control group is the result of trend
tests conducled by NTP (1999) using the methods specified in the footnotes.

g. Result of trend test conducted by NTP (1999) using the life table method.

h.  Results of {rend tests conducted by NTP (1999) using the logistic regression and Cochran-
Ammitage trend tests,

Linearized Multistage Approach

The default approach, as originally delineated by CDHS (1985), is based on a linearized
form of the multistage model of carcinogenesis (Armitage and Doll, 1954). Cancer
potency is estimated from the upper 95% confidence limit, q,", on the linear coefficient qi
in a model relating lifetime probability of cancer (p) to dose (d):

p=1-exp[-(qo + qid + gud® + - +Qde)] (1

with constraints, q; 2 0 for all i. The default number of parameters used in the model is n,
where n is the number of dose groups in the experiment, with a corresponding
polynomial degree of n-1.
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The parameter q," is estimated by fitting the above model to dose response data using
MSTAGE (Crouch, 1992). For a given chemical, the model is fit to one or more data
sets. The default approach is to select the data for the most sensitive species and sex.

To estimate animal potency, Qunimat, When the experimental exposure is less than lifetime
the parameter q,* is adjusted by assuming that the lifetime incidence of cancer increases
with the third power of age. The durations of the NTP experiments were at least as long
as the standard assumed lifetime for rodents of 104 weeks, so no correction for short
duration was required.

Benchmark Dose Methodology

U.S. EPA (2003} and others (e.g. Gaylor et al., 1994) have more recently advocated a
benchmark dose method for estimating cancer risk. This involves fitting a mathematical
model to the dose-response data. A linear or multistage procedure is often used, although
others may be chosen in particular cases, especially where méchanistic information is
available which indicates that some other type of dose-response relationship is expected,
or where another mathematical model form provides a better fit to the data. A point of
departure on the fitted curve is defined: for animal carcinogenesis bioassays this is
usually chosen as the lower 95% confidence limit on the dose predicted to cause a 10%
increase in tumor incidence (LEDyq). Linear extrapolation from the point of departure to
zero dose is used to estimate risk at low doses either when mutagenicity or other data
imply that this is appropriate, or in the default case where no data on mechanism are
available. The slope factor thus determined from the experimental data is corrected for
experimental duration in the same way as the g, adjustments described for the linearized
multistage procedure. In the exceptional cases where data suggesting that some other
form of low-dose extrapolation is appropriate, a reference dose method with uncertainty
factors as required may be used instead.

The quantal tumor incidence data sets were analyzed using the BMDS software (version
1.3.2) of U.S.EPA (2000). In general the program models were fit to the data with the X2
fit criterion 2 0.1. In those cases when more than one model gave adequate fit the model
that gave the best fit in the low dose region (visually and by X residual} was chosen for
the LEDq estimation.

Implemeniation of LMS and BMD Methodology

The linearized multistage approach and the benchmark dose methodology were both
applied to the tumor incidence data for ethylbenzene in the NTP (1999) studies.

Calculation of Lifetime Weighted Average Dose

Male and female rats (NTP, 1999) were exposed to ethylbenzene for 6.25 hours/day, five
days/week for 104 weeks. Male and female mice (NTP, 1999) were exposed to
ethylbenzene for 6.25 hours/day, five days/week for 103 weeks. Average concentrations,
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expressed in mg/m’, during the exposure period were calculated by multiplying the
reported chamber concentrations by 6.25 hours/24 hours, five days/seven days and 4.35
mg/m*/ppm. :

The average body weights of male and female rats were calculated to be 0.450 kg and
0.282 kg, respectively, based on data for controls reported by NTP (1999). The average
body weights of male and female mice were estimated to be approximately 0.0429 kg and
0.0389 kg, respectively, based on data for controls reported by NTP (1999). Inhalation
rates (I) in m3!day for rats and mice were calculated based on Anderson er al. (1983):

Tes = 0.105 X (bwa/0.113)2° (3)
Tmice = 0.0345 X (bWpice/0.025)*° (4)

Breathing rates were calculated to be 0.264 m*/day for male rats, 0.193 m*/day for female
rats, 0.0494 m"‘;’day for male mice, and 0.0463 m3;"day for female mice. Lifetime
weighted average (LTWA) doses were determined by multiplying the average
concentrations during the dosing period by the appropriate animal breathing rate divided
by the corresponding animal body weight. For mice, the exposure period (103 weeks)
was less than the standard rodent lifespan (104 weeks), so an additional factor of 103
weeks/104 weeks was applied to determine lifetime average doses.

Physiologically Based Pharmacokinetic (PBPK) Modeling

The carcinogenic potency of ethylbenzene was calculated using rodent PBPK models (o
estimate internal doses under bioassay conditions. Extrapolations to human potencies
were done using interspecies scaling. For comparison, a human PBPK model was used to
estimate risk-specific doses for occupational and ambient environmental exposure
scenarios. The PBPK models were comprised of compartments for liver, fat, vessel poor
tissues (e.g., muscle), vessel rich tissues, and lung. Typical model parameters are given
in Table 7 for flow-limited PBPK models and 2 model diagram is shown in Figure 2.
Chemical and metabolic parameters were taken from Haddad e/ al. (2001) for all species
studied and additionally from Sams et al. (2004) for human metabolism. Simulations
were conducted using Berkeley Madonna (v.8.0.1) software (e.g., 6.25 hr exposure/day x
5 days/wk for one week simulations of bicassay exposure levels, see sample model
equations in the appendix). The chemical partition coefficients used in the model were
the same for ail species: blood:air, 28.0; fat:blood, 55.57; liver:blood, 2.99; muscle:blood,
0.93; and lung:blood, 2.15 (Haddad er af., 2001). The metabolic parameters were also
from Haddad er al. (2001): YmaxC = 6.39 mg/hr/kg body weight scaled to the % power
of body weight; Km = 1.04 mg/L for all species. A second set of human metabolic
parameters from Sams ef al. (2004) was also used. In this case constants for low and
high affinity saturable pathways were incorporated into the models: high affinity Vmax =
689 pmol/min/mg microsomal protein, Km = 8.0 pM; low affinity Vmax = 3039
pmol/min/mg protein, Km =391 pM. A value of 28 mg/mL liver for microsomal protein
concentration was assumed. Published values we reviewed ranged from 11 to 35 mg/g
tissue. The value we used was similar to that of Kohn and Melnick (2000) (30 mg/g

20

76



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

liver) and Medinsky er af. (1994) (35 mg/g liver). All model units were converted to
moles, liters, or hours for simulation. A molecular weight of 106.16 g/mol for
ethylbenzene was used throughout. In addition to PBPK modeling based on published
parameters the recent pharmacokinetic data of Charest-Tardif et al. (2006) was used in
the mouse PBPK modeling for comparison purposes.

Johansen and Filser (1992) studied a series of volatile organic chemicals including
ethylbenzene and developed theoretical values for clearance of uptake (CLupt) defined as
the product of the rate constant for transfer of chemical from air to body and the volume
of air in a closed chamber. The CLupt values were based on alveolar ventilation (Qalv),
cardiac output (Qtot}), and blood:air partition coefficients (Pbi). For most chemicals the
experimentally determined values for inhalation uptake in rats and mice were about 60%
of the theoretical values. The values-determined for ethylbenzene in the rat of 70 mL/min
for CLupt and 73 mL/min for alveolar ventilation are about 50% of the value given in
Table 7 (i.e., 4.38 L/hr vs. 8.58 L/hr). Tn the work described below selected simulations
were run with lower alveolar ventilation rates for comparison with the main analysis.

The primary model prediction was the amount of ethylbenzene metabolized over the
course of the simulation. The AUCs, the areas under the concentration x time curves for
mixed venous concentration and liver concentration of ethylbenzene, were also recorded.
The values for one week simulations of the amount metabolized (mmoles) were divided
by 7d/week and body weight in kg to give daily values and multiplied by the molecular
weight to give the PBPK metabolized dose in mg/kg-d. These values were then used in
the dose response assessment of individual tumor site incidences using the benchmark
dose software of U.S. EPA (BMDS v. 1.3.2) to obtain the dose at which tumor incidence
was predicted to be 10% (EDq), LEDp (lower 95% confidence limit of ED)q) and curve
fit statistics for each experiment.
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Parameter Mouse Rat Homan
Alveolar ventilation rate Qalv, L/hr 15*BW"’ 15*BW" 36*BW" occ
15*BW* eny
Cardiac output Qtol, L/hr 15*BW"’ 15¥BW"7 18*BW"7 occ
15*BW” env
Bloed flows (fraction of cardiac output)
Fat, Qf 0.09 0.09 0.05
Liver, Ql 0.25 0.25 0.26
Muscle, Qm 0.15 0.15. 0.25
Vessel Rich Group, Qvre 0.51 0.51 0.44
Tissue volumes, L (fraction of body weight)
Fat, V{ 0.06 0.09 0.20,0.40
Liver, VI 0.04 0.049 0.026
Muscle, Vm 0.76 0.72 0.61, 0.41
Vessel Rich Group, Vvrg 0.05 0.036 0.036
Lung, Vlu 0.014 0.014 0.014
Body weight, BW kg 0.043 male 0.45 male 70
0.039 female 0.28 female
Metabolism VmaxC (Haddad ef al., 2001) | 6.39 6.39 6.39
| mg/hr/ke*™ BW 25.56*
Km mg/L (Haddad ef ai. 2001) 1.04 1.04 1.04
Metabolism (Sams ef al. 2004)
High/Low AfTinity Vmax mg/hr/Ly.o 122.8/542.0
| High/Low Affinity Km mg/L 0.85/40.4

Note: occ = occupational scenario values; env = environmental exposure scenario; * this value

provided belter fit to the data of Charest-Tardif ef al. (2006).
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Qalv*(Cairin — Cart/Pb)

i

Venous Blood » LUNG ™ | Arterial Blood
Cyvtot*Qtot Cart*Qtot
b MUSCLE |« Qm*Cart
MVC = Cvtot = YmEggEL Gvea Cart
T(Oi*Ci/PiY/Otot -t o yrgriLar
(Qi*Ci/P)Qto GROUP
< FAT « Qf*Cart
QI*Cart
* LIVER |°
_ Metabolism:
VYmax, Km,
Cvl=CI/PI

Figure 2. General Scheme for Ethylbenzene PBPK Model: Qtot = Cardiac Qutput; Qalv =
Alveolar Ventilation Rate ; Pb = Blood/Air Partition Coefficient; Pi = Tissua/Blood Partition
Coefficients; Qi = Tissue Fractional Blood Flows ;Cart = Arterial Blood Concentration; Cviot =
Mixed Venous Blood Concentration; Cairin = Inhaled Concentration (e.g. ppm Ethylbenzene);
Cexhaled = Cart/Pb{Concentration of Ethylbenzene Exhaled); Ci = Ai/Vi = Mass/Volume.
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Internal to External Dose Conversion

In order to estimate external equivalent air concentrations associated with internal doses,
the PBPK models were used. Simulation of 10 ppb ethylbenzene for 8 hours in the
human PBPK model with the Haddad er a/. (2001) parameters resulted in the predicted
uptake of 3.04 umoles in tissues and blood compared to 3.96 pmoles inhaled, or an
uptake of 77%. Practically all of the 3.04 pmoles represents metabolized ethylbenzene.
Based on these results, OEHHA assumed that all absorbed ethylbenzene is metabolized at
low dose. Thus, for the inhalation route, the internal metabolized dose is converted to an
external dose by applying an uptake factor of 77%. As noted above, uptake values of 49
to 65% have been observed in studies with human subjects exposed via inhalation to
ethylbenzene. OEHHA has occasionally used a default value of 50% for inhalation
uptake of similar volatile organic compounds.

For the oral route at low dose, OEHHA assumed that ethylbenzene is 100% metabolized
(based on the model predictions noted above) and that uptake of ethylbenzene is also
100% (a conventional assumption made for lack of more specific data at low doses in
humans). Thus, at low dose, the internal metabolized dose of ethylbenzene would be
equivalent to an external applied dose by the oral route. No conversion factor for internal
to external dose is necessary in this case.

Interspecies Extrapolation

Interspecies extrapolation from experimental animals to humans is normally based on the
following relationship, where bwy, and bw, are human and animal body weights,
respectively, and potency (e.g., qanimal) is expressed on a per dose per body weight basis
(e.g., (mg/kg-d)"' see Watanabe ef al. (1992):

bw 114
qhuman I'cl animal X( : ] (2)

bw,

Altemnatively, when performing calculations based on applied dose in terms of air
concentrations, the assumption has sometimes been made that air concentration values
are equivalent between species (CDHS, 1985). However, using the interspecies scaling
factor shown above is preferred because it is assumed to account not only for
pharmacokinetic differences (e.g., breathing rate, metabolism), but also for
pharmacodynamic considerations.

When extrapolating from an animal potency in terms of PBPK adjusted internal dose,
only a pharmacodynamic scaling factor is required. Since an equal contribution of
pharmacokinetic and pharmacodynamic considerations is assumed, animal potency
values already adjusted for pharmacokinetic considerations require a scaling factor of
only (bwp/bw,)'®:

bW 1/8
qhuma.n “qn.nimnl x[b . ] (3)
W
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Derivation of the Human Inhalation Unit Risk Value

To derive the human inhalation unit risk value, the human internal potency value based
on PBPK metabolized dose is multiplied by the human breathing rate (assumed to be 20
m®/day), divided by the human body weight (assumed to be 70 kg} and multiplied by the
estimated inhalation uptake factor in humans (0.77 for ethylbenzene). This yields a
human inhalation unit risk value in terms of external air concentration.

For the case of LTWA doses, the human inhalation unit risk value is derived by
multiplying the human inhalation cancer potency value by the human breathing rate
{assumed to be 20 m3fday), divided by the human body weight (assumed to be 70 kg).
Because the LTWA doses represent external applied dose from an inhalation study, no
uptake factor is necessary in deriving the unit risk value.

Inhalation and Oral Cancer Potency Values

The cancer potency derived based on internal doses (i.e., PBPK metabolized dose) is
equivalent to the oral cancer potency, because of the assumption of 100% oral uptake and
100% metabolism of ethylbenzene at low doses. To derive the inhalation cancer potency,
the human inhalation unit risk value is multiplied by the human body weight (assumed to
be 70 kg) and divided by the human breathing rate (assumed to be 20 m*/day).

For the case of LTWA doses, the human cancer potency derived based on these external
applied doses from the inhalation study is equivalent to the inhalation cancer potency. To
determine the oral cancer potency, the inhalation cancer potency is multiplied by the ratio
of the oral to inhalation uptake factors (i.e., 1/0.77).

Example Calculations — BMD Approach

In this section, example calculations of the human cancer potency values (oral and
inhalation) and the human unit risk value based on the LED,, for the male rat kidney
tumor data and either the PBPK metabolized doses or the LTWA doses are provided.
The same logic would apply to the derivation using the LMS methodology, with the only
difference being that the animal potency is taken directly from the MSTAGE program
under the LMS approach instead of being calculated from the LED;q in the BMD
approach. To distinguish the results obtained under the two approaches, the terms Pyuimal,
Phumans 2nd Unuman Were used for the values derived using the BMD methodology.

Calculations based on BMD methadology and PBPK metabolized doses

Under the BMD methodology, the ED)gs and LED) s are obtained from the BMDS
program, with the animal potency value being simply 0.1/LEDg (i.e., 10% risk (0.1)
divided by the 95% lower confidence limit on the dose that induced 10% risk or LEDyq:
this is the definition of a slope). To obtain the animal potency based on internal dose
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(Panimal_inemar), 0.1 is divided by the LED g derived for the male rat kidney tumor data and
the PBPK metabolized doses:

Panims]_iniema = 0.1/LEDy0 = 0.1/22.96 = 0.004355 (mg/kg-d)’’

The human potency value based on internal dose (Phuman_iniemal) is calculated from the
animal potency as follows:

Pouman_memat = 0.004355 (mg/kg-day)™" x (70 kg/0.450 kg)"®
= 0.0082 (mg/kg-day)”’

Phuman_imemal 1S €quivalent to the oral human potency, because of the assumptions of 100%
oral uptake and 100% metabolism of ethylbenzene at low dose.

The human unit risk value (Upuman) is derived from the internal human cancer potency as
follows:

Ubuman = 0.0082 (mg/kg-day?'l x (20 or’/day/70 kg) x 0.77
= 1.8 x 107 (mg/m’)y
= 1.8 x 10" (pg/m®)’’

As noted above the value of 0.77 for the proportion of inhaled dose metabolized was
based on the prediction of the human ethylbenzene PBPK maodel, assuming exposure to
low levels of ethylbenzene, and is similar to values obtained in studies with human
subjects (Bardodej and Bardodejova, 1970; Engstrom et al., 1984; Gromiec and
Piotrowski,1984). By applying this uptake factor and assuming that the metabolism of
ethylbenzene is 100% at low dose, the resulting unit risk value is expressed in terms of
external concentration.

The inhalation cancer potency is derived from the unit risk value as follows:

1.8 x 107 (mg/m®)! x (70 kg/20 m*/day)
0.0063 (mg/kg-day)”

P human_jnhalation

Calculations based on BMD methodology and LTWA doses

The LED based on the male rat kidney data (Table 4) and the LTWA doses (Table 3) is
determined using the BMDS software. The animal potency, which in this case is the
inhalation animal potency (Punimal_inn), is determined by dividing the LED,g into 0.1:

Panimat_inh = 0.1/LED;q = 0.1/42.62 = 0.002346 (mg/kg-d)™

The human inhalation cancer potency (Phuman_inn ) is derived from the animal potency
using the interspecies scaling factor:

Phuman_imn = 0.002346 (mg/kg-day)"' x (70 kg/0.450 kg)'**
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= 0.0083 (mg/kg-day)’
The unit risk factor is derived from the human inhalation cancer potency as follows:

Union = 0.0083 (me/keg- day? x (20 m’/day/70 kg)
24x10° (mg/m )
2.4 x 10 (ug/m’)’!

For the calculation based on LTWA doses, the oral cancer potency is derived from the
inhalation cancer potency by multiplying by the ratio of uptake factors (1/0.77):

Phuman ol = 0.0083 (mg/kg-day)” x (1/0.77)
0.011 (mg/kg-day)’

Results and Discussion

Linearized mulfistage approach

Tables 8a and 8c list the Qanimal, Qrumen @nd unit risk values based on the linearized
multistage approach. The cancer potencies and unit risk values were derived using the
applied LTWA doses and PBPK adjusted internal doses, as described above. The most
sensitive tumor sites are the male rat testicular interstitial cell adenoma and the male rat
kidney adenoma and carcinoma, when the LTWA doses are used. If PBPK doses are
used, the most sensitive sites are the male rat testicular interstitial cell adenoma and the
male mouse lung. Regardless of whether LTWA or PBPK doses are used, the results
based on the male mouse lung tumor data, the female mouse liver tumor data, and the
male rat renal tumor data are comparable, producing unit risk values of approximately
0.002 (mg/m ¥'. Further, the results using either the LTWA doses or the PBPK
metabolized doses are quite similar indicating that the PBPK modeling does not markedly
improve the estimates. Some of the inherent uncertainty associated with PBPK modeling
is demonstrated by the fact that the results based on the PBPK modelmg using the
Charest-Tardif parameters differ by roughly a factor of two for the mice compared to the
results derived based on the other equally valid PBPK modeling approach.

The testicular interstitial cell adenoma site gives the highest values. However, the very
high background incidences of this tumor make it less reliable and suitable for dose-
response analysis than the male rat kidney site.

Thus, the unit risk value of 0.0025 (mg/m®)"' derived based on the LMS approach from
the male rat kidney tumor data using the LTWA doses is selected as the representative
value for ethylbenzene. It |s very similar to the estimate derived using the PBPK
approach (0.0026 (mg/m Y ) and does not require the many assumptions made in
applying the more complex PBPK approach,
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Table 8a. Cancer potency and unit risk values for ethylbenzene derived using the
linearized multistage procedure (LMS) with applied LTWA doses based

on data from NTP (1999).
Sexs Site, Qanimal_lah Qhumnn_inhn Human Goodness-
species | tumor type unit risk of-fit
value® test®
(mg/kg-day)" | (mg/kg-day)” | (mg/m’)”

Male Renal tubule 0.002472 0.0087 0.0025 p=0.81
rats carcinoma or

adenoma

Testicular 0.006547 0.023 0.0066 p=0.52

interstitial cell

adenoma
Female | Renal tubule 0.0005528 0.0022 0.00063 p=0.95
rats adenoma
Male Lung alveolar/ 0.0008494 0.0054 . 0.0015 p=0.75
mice bronchiolar

carcinoma or

adenoma
Female | Liver 0.0009421 0.0061 0.0017 p=0.68
mice hepatocellular

carcinoma or

adenoma

a.  The inlerspecies extrapolation was applied (0 Quimat inh in {(mg/kg-d)” o determine Qhuman_inh
(mg/kg-day)”, as described above.

b Unit risk was determined by multiplying the human cancer potency in (mg/kg-day)" by the human
breathing rate (20 m*/day) divided by human bedy weight (70 kg), as described above.

¢. A p-value of greater than 0.05 for the chi-square goodness-of-fit test indicates an adequate fit.
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Table 8b. Cancer potency and unit risk values for ethylbenzene derived using the
BMD procedure with applied LTWA doses based on data from NTP

(1999).
Sex’ Sltel Panlmal_inh Pl'n.u'na|'|_]|:|]:|a Human MOde]
species | fumor type unit risk Goodness-
value”
of-it
-1 -1 3.-1 testc
(mg/kg-day)” | (mg/kg-day)” | (mg/m’)
Male Renal tubule 0.002589 0.0091 0.0026 Quantal
rats carcinoma or Linear
adenoma p=0.49
Testicular 0.006333 0.022 0.0063 Quantal
interstitial cell Linear
adenoma p=0.73
Female | Renal tubule 0.0004704 0.0019 0.00054 | Quantal
rats adenoma Quadratic
p=0.99
Male Lung alveolar/ | 0.0008062 0.0051 0.0015 Quantal
mice bronchiolar Linear
carcinoma or _
adenoma p=0.75
Female | Liver 0.0009256 0.0060 0.0017 | Quantal
mice hepatocellular Linear
carcinoma or p=0.74
adenoma

a.  The interspecies extrapolation of(BW}JBW,) was applied to Paimy n in (mg/ke- d) to
determine Phuman i (mp/kg-day)', as described above.
b Unit risk was determined by muluplymg the human cancer potency in (mg/kg-day)’ by the human

breathing rate (20 m’/day) divided by human body weight (70 kg).

c. A p-value (.1 for the chi-square goodness-of-fit test indicates an adequate fit with the BMD
procedure.
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Table 8e. Cancer potency and unit risk values for ethylbenzene derived using the
linearized multistage procedure with PBPK metabolized doses and
bioassay data from NTP (1999).

Sex, Site, Qanimal_internal qhi.lm:an_lnmn:m]ll Human Goodness-
species | tumor type unit risk of-fit
value® test”
(mg/kg-day)” | (mg/kg-day)” | (mg/m’)’
Male | Renal tubule 0.004465 0.0084 0.0018 p=0.57
rats carcinoma or
adenoma
Testicular 0.01586 0.030 0.0066 p=0.62
interstitial cell
adenoma
Female | Renal tubule 0.0009037 0.0018 0.00040 p=0.98
rats adenoma
Male Lung alveolar/ 0.003747 0.0094 0.0021 p=0.99
mice | bronchiolar 0.001680¢ 0.0042 | 0.00092¢ | p=0.93¢
carcinoma or
adenoma
Female | Liver (.002702 0.0069 0.0015 p=10.86
mice | hepatocellular | 4 g4 7052 0.0044° | 0.00097° | p=0.73¢
carcinoma or
adenoma

a. The interspecies extrapolation of (bw,.,-"bw,)m—was applied 10 Qunimal_intornal IN (mgfkg—d)" o
determing Quuman intema iN (mgfkg-day)", as described above,

b.  Unit risk was determined by multiplying the human internal cancer potency in (mg/kg-day)™ by
the human breathing rate {20 m*/day) divided by human body weight (70 kg) and by an uplake
factor of 0.77, as described above.

¢. A p-value of greater than 0.05 for the chi-square goodness-of-fil test indicates an adequate fit.

d. These values obtained with PBPK model adjusied lo approximate the PK data of Charest-Tardif ef
al, (2006).
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Table 8d. Cancer potency and unit risk values for ethylbenzene derived using the
BMD procedure with PBPK metabolized doses and bioassay data from

NTP (1999).
Sex: Site) Paqlmn]_[nlernnl Pllumm1__l1'm:r|'mlsl Human Model
species | tumor type umtI rlik Goodness-
value of-fit
. . . test
(mg/kg-day)” | (mg/ke-day)”’ | (mg/m’y"
Male Renal tubule 0.004355 0.0082 0.0018 Multistage
rats carcinoma or : (order = 3)
adenoma p=0.57
Testicular 0.004570 0.0086 0.0019 Quantal
interstitial cell Quadratic
adenoma p=0.87
Female | Renal tubule 0.001443 0.0029 0.00064 Multistage
rats adenoma (order =3)
p=0.98
Male Lung alveolar/ 0.003557 0.0090 0.0020 Multistage
mice bronchiolar {order=13)
carcinoma or p= 0.99
adenoma
0.001595° 0.0040° 0.00088° | Quantal
Linear
p=0.93
Female | Liver 0.002604 0.0066 0.0015 Multistage
mice hepatocellular {order =3)
carcinoma or p=0.86
adenoma
0.0007523° 0.0019° 0.00042° | Quantal
Quadratic
p =0.94

a. The interspecies extrapolation of {BWhJ’BWa}

178

determine Phumsn_imemat (Mg/kg-day)™, as described above,
b. Unit risk was determined by muluplymg the human internal cancer potency in (mg/kg-day)" by
the human breathing rate (20 m*/day) divided by human body weight (70 kg) and by an uptake
factor of 0.77, as described above.
c. A p-value of 0.1 or greater for the chi-square goodness-of-fit test indicates an adequate fil with the
BMD procedure.
d. These values oblained with PBPK model adjusted to approxlmate the mouse pharmacokinelic dala
of Charest-Tardif et af. (2006).
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Benchmark dose approach

Tables 8b and 8d list the Pasimal, Phuman, 21d human unit risk values based on the BMD
approach. The cancer potencies and unit risk values were derived using the applied
LTWA doses and PBPK adjusted internal doses, as described above. As expected the
results from the BMD approach are quite similar to those just described using the LMS
approach. Unit risk values ranged from 0.00042 to 0.0063 (mg/m®)"’. When LTWA
doses are used, the most sensitive sites are the male rat testicular interstitial cell adenoma
and the male rat kidney adenoma and carcinoma. When PBPK doses are used, the most
sensitive sites are the male rat testicular interstitial cell adenomas and the male mice lung
- tumors. Regardless of whether LTWA or PBPK doses are used, the unit risk values
based on male rat kidney, male mouse lung, and female mouse liver are comparable at
approximately 0.002 (mg/m’)"' The results based on the Charest-Tardif PBPK
parameters are about a factor of two to four less than those based on the PBPK
parameters from Haddad, again indicating some of the uncertainty in the PBPK approach.

As discussed above, the male rat testicular tumors are not considered appropriate for unit
risk and potency estimation because of the high background rate. The preferred unit risk
value of 0.0025 (mg/m’)", is derived from the male rat kidney data based on LTWA
doses with the LMS method. The value derived using the BMD approach based on
LTWA doses is not significantly different (0.0026 (mg/m°)").

Human PBPK Models

Initial predictions of risk-specific exposure concentrations from a human PBPK model
used metabolic parameters from Haddad ef al. (2001), two exposure scenarios, and two
methods of risk estimation. The exposure scenarios utilized were an occupational-like
time of exposure (8.0 hr exposure/day x 5 d/week; 7 days simulation) and a continuous
environmental time of exposure (24 hr/d x 7d/week; 10 days simulation). Two methods
of risk estimation were used. In method I a human potency value, Phyman, Was used to
estimate an internal dose equivalent to 1 x 10 lifetime theoretical risk (e.g., 10 )
risk/0.0087 (mg/kg'-d)"' = 1.15 x 10 mg/kg-d.) The human PBPK model with differing
exposure scenarios was then used to estimate the external ethylbenzene concentrations
resulting in that internal dose. In method 1} the animal LED,o was divided by 10° to
obtain the 107 risk specific dose and the equivalent external concentration was adjusted
for possible pharmacodynamic (PD) differences between rats and humans (i.e.,
(70/0.45)""®). For the tumor site of male rat kidney the 1 x 10 values from the human
models vary by 2-fold (0.48 to 0.7% ppb; Table 9). The same analysis was repeated with
the human metabolic parameters from Sams e al. (2004) and the range was similar (0.33
to 0.74 ppb). PBPK medels with higher body weight of 90 kg and 40% body fat gave
only slightly higher ppb predictions. According to the discussion above, the preferred
value for the unit risk of ethylbenzene is 2.5 x 10 (ng/m’y", based on the data for male
rat kidney tumors. With the human model, unit risk estimates ranged from 1.27 x 10 to
3.06 x 10°° ppb™! (2.9 x 107 to 7.0 x 107 [ug/m’]" at 4.35 pug/m>/ppb) or somewhat lower
than the animal PBPK based values. These unit risk estimates from the human PBPK
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_models werenot used as final values due to issues of tumor site concordance and human
variability and parameter uncertainty.

Table 9. Estimates of Exposure Levels (ppb) for 10 Theoretical Lifetime Cancer
Risk, based on Human PBPK Modeling®

Method/Model Qccupational Scenario Environmental Scenario
I . Human Potency based

70 kg human 20% fat 0.70 0.50
Haddad

20% fat Sams 0.66 0.33
90 kg human 40% fat 0.79 0.56
Haddad

40% fat Sams 0.74 0.34
II. Animal LED,q based

70 kg human 20% fat 0.68 0.48
Haddad

20% fat Sams 0.64 0.32
90 kg human 40% fat 0.74 - 0.53
Haddad

40% fat Sams 0.69 034

*Note: Values are calculated for 1 x 10 theoretical lifetime cancer risk. Occupational scenario was 8.0
hr/d x 5 days/week, for one-week simulations; environmental scenario was continuous exposure for one
week. Method I used the human potency (Ph) in (mg/kg-d)” to caleulate a 10¥ risk internal dose in melrics
of ethylbenzene metabolized by the liver (AMET, pumol/d). Method 11 uses the animal LED, lo calculate &
107 risk dose. The human models were the 70 kg default with 20% fat and a 90 kg variant with 40% fat
(and comparatively less muscle). The Ph was based on the male rat kidney wmors of 0.0087 (mg/kg-d)".
Inhalation was 20 m*d. The models were run with metabolic parameters from Haddad e al. (2001) and
Sams er al. (2004),
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Conclusion

The male rat was the most sensitive sex and species tested by NTP (1999) in the
inhalation carcinogenesis studies of ethylbenzene. While the highest potency and unit
risk values were obtained for rat testicular adenomas, the high background rate of this
common tumor made interpretation difficult. NTP considered the increased incidences of
renal tubule carcinoma or adenoma to provide clear evidence of the carcinogenic activity
of ethylbenzene, and this site was considered to be the more reliable basis for estimating
human cancer potency.

Using either the LMS or BMD methodology with different dose metrics, the 95% upper
confidence bound on the unit risk value for purposes of calculating cancer risks
associated with exposure to ethylbenzene is in the range 4.0 x 107 to 6.6 x 10~ (mg/m*)7,
based on the incidence data from the NTP (1999) studies (Table 10). The unit risk value
of 2.5 x102 (mg/m3¥L, or 2.5 x1 0'-"5_(1.1.11/m1)i based on the renal tubule carcinoma or
adenoma incidence data in male rats and using the LMS methodology applied to LTWA

doses, is considered the most appropriate for purposes of calculating cancer risks
associated with exposure to low levels of ethylbenzene. As noted above and summarized

in Table 10 below, unit risks based on the PBPK internal doses were not markedly
different than those based on the LTWA doses, and involved a number of assumptions.
Because the PBPK modeling is uncertain and the results were relatively insensitive to the
approach used, the LMS results based on the LTWA doses were selected as most
appropriate. The inhalation cancer potency, from which the unit risk value was derived,
is 0.0087 (mg/kg-d)'l. The oral cancer potency value of 0.011 (mg,/]*:g—d)'l is derived
from the inhalation potency value by multiplying by the ratio of the uptake values (i.e.,
1/0.77). The inhalation and oral cancer potency values are considered applicable to low
dose ethylbenzene exposures. '

Table 10. Comparison of unit risk values for ethylbenzene

Unit Risk value (mg/m”)’
. LTWA doses, | LTWA doses, | PBPK doses PBPK doses
.{ xﬂ b 5 L) ]
ssi‘::ms sex/tumor LMS BMD LMS BMD
approach approach approach approach
Male rat kidney 0.0025 0.0026 0.0018 0.0018
Male rat testicular 0.0066 0.0063 0.0066 0.0019
Female rat kidney 0.00063 0.00054 0.00040 0.00064
Male mouse lung 0.0015 0.0015 0.0021 0.0020
Female mouse liver 0.0017 0.0017 0.0015 0.0015
34

90




Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

VII. REFERENCES

Agency for Toxic Substances and Disease Registry (ATSDR), 1999. Toxicological
Profile For Ethylbenzene. PB/99/166647. U.S. Department of Health and Human
Services, Public Health Service. ATSDR, Atlanta, GA. Available at:
http://www.atsdr.cdc.gov/toxprofiles/tp | 10-p.pdf.

Armitage P and Doll R, 1954. The age distribution of cancer and a multistage theory of
carcinogenesis. Br ] Cancer 8:1-12.

Backes WL. Sequeira DJ, Cawley GF and Eyer CS, 1993. Relationship between
hydrocarbon structure and induction of P450: effects on protein levels and enzyme
activities. Xenobiotica 23: 1353-1366.

Bardodej Z and Bardodejova E, 1970.. Biotransformation of ethylbenzene, styrene, and
alpha-methylstyrene in man. Am Ind Hyg Assoc J 31:206-209.

Bergeron RM, Desai K, Serron SC, Cawley GF, Eyer CS and Backes WL, 1999.
Changes in the expression of cytochrome P450s 2B1, 2B2, 2E1, and 2C11 in response to
daily aromatic hydrocarbon treatment. Toxico! Appl Pharmacol 157: 1-8.

California Department of Health Services (CDHS), 1985. Guidelines for Chemical
Carcinogen Risk Assessment and Their Scientific Rationale. Califomia Department of
Health Services, Health and Welfare Agency, Sacramento, CA.

Chan PC, Hasemaﬁ JK, Mahler J and Aranyi C, 1998. Tumor induction in F344/N rats
and B6C3F; mice following inhalation exposure to ethylbenzene. Toxicol Lett 99:23-32.

Charest-Tardif G, Tardif R, and Krishnan K, 2006. Inhalation pharmacokinetics of
ethylbenzene in B6C3F1 mice. Toxicol Appl Pharmacol 210:63-69.

Crouch E, 1992. MSTAGE (Version 1.1). E.A.C. Crouch, Cambridge Environmental
Inc., 58 Buena Vista Road, Arlington, Massachusetts 02141.

Dean BJ, Brooks TM, Hodson-Walker G and Hutson DH, 1985. Genetic toxicology
testing of 41 industrial chemicals. Mutat Res 153:57-77.

Elovaara E, Engstrom K, Nickels J, Aito A, and Vainio H, 1985. Biochemical and
morphological effects of long-term inhalation exposure of rats to ethylbenzene.
Xenobiotica 15(4):299-308.

Engstrom KM, 1984. Metabolism of inhaled ethylbenzene in rats. Scand J Work Environ
Health 10:83-87.

Engstrom KM, Riihimaki V and Laine A, 1984. Urinary disposition of ethylbenzene and
m-xylene in man following separate and combined exposure. Int Arch Occup Environ
Health 54:355-363.

35

91



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

Fishbein L, 1985. An overview of environmental and toxicological aspects of aromatic
hydrocarbons. IV. Ethylbenzene, Sci Tot Environ 44:269-287.

Florin I, Rutberg L, Curvall M and Enzell CR, 1980. Screening of tobacco smoke
constituents for mutagenicity using the Ames' test. Toxicology 15:219-232.

Gaylor DW, Kodell RL, Chen JJ, Springer JA, Lorentzen RJ and Scheuplein RJ, 1994,
Point estimates of cancer risk at low doses. Risk Anal 14:843-850.

Gromiec Ip and Piotrowski JK, 1984. Urinary mandelic acid as an exposure test for
ethylbenzene. Int Arch Occup Environ Health 55: 61-72,

Haddad S, Beliveau M, Tardif R and Krishnan K, 2001, A PBPK modeling-based
approach to account for interactions in the health risk assessment of chemical mixtures.
Toxicol Sci 63:125-131.

Hard GC, 2002. Significance of the renal effects of ethy] benzene in rodents for
assessing human carcinogenic risk. Toxicol Sci 69:30-41.

Hazardous Substances Data Bank (HSDB), 2003. National Library of Medicine,
Bethesda, MD Available online at http://sis.nlm.nih.gov. Last revision date for
ethylbenzene summary listed as 03/05/2003.

Hirakawa K, Oikawa S, Hiraku Y, Hirosawa I, Kawanishi S, 2002. Catechol and
hydrogquinone have different redox properties responsible for their differential DNA- .
damaging ability. Chem Res Toxicol 15:76-82.

Holz O, Scherer G, Brodtmeier S, Koops F, Warncke K, Krause T, Austen A, Angerer J,
Tricker AR, Adlkofer F et al., 1995. Determination of low level exposure to volatile

aromatic hydrocarbons and genotoxic effects in workers at a styrene plant. Occup
Environ Med 52:420-428.

International Agency for Research on Cancer (IARC), 2000. Monographs on the
Evaluation of Carcinogenic Risks to Humans. Some Industrial Chemicais. Vol. 77, p.
227-266. 1ARC, Lyon, France.

Johanson G and Filser JG, 1992. Experimental data from closed chamber gas uptake
studies in rodents suggest lower uptake rate of chemical than calculated from literature
values on alveolar ventilation. Arch Toxicol 66: 291-295.

Kohn MC, and Melnick RL, 2000. The privileged access model of 1,3-butadiene
disposition. Environ Health Perspect 108: (Suppl 5) 911-917.

Maltoni C, Conti B, Giuliano C and Belpoggi F, 1985. Experimental studies on benzene
carcinogenicity at the Bologna Institute of Oncology: Current results and ongoing
research. Am J Ind Med 7:415-446.

36

92



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

Maltoni C, Ciliberti A, Pinto C, Soffritti M, Belpoggi F and Menarini L, 1997. Results of
long-term experimental carcinogenicity studies of the effects of gasoline, correlated fuels,
and major gasoline aromatics on rats. Annals NY Acad Sci 837:15-52.

McGregor DB, Brown A, Cattanach P, Edwards I, McBride D, Riach C and Caspary WJ,
1988. Responses of the L5178Y tk+/tk- mouse lymphoma cell forward mutation assay:
HI. 72 coded chemicals. Environ Mol Mutagen 12:85-154.

Medinsky MA, Leavens TL, Csanady GA, Gargas ML, and Bond JA, 1994, In vivo
metabolism of butadiene by mice and rats: a comparison of physiological model
predictions and experimental data. Carcinogenesis 15:1329-1340.

Midorikawa K, Uchida T, Okamoto Y, Toda C, Sakai Y, Ueda K, Hiraku Y, Murata M,
Kawanishi S, Kojima N, 2004. Metabolic activation of carcinogenic ethylbenzene leads
to oxidative DNA damage. Chem-Biol Interact 150:271-281.

Mohtashamipur E, Norpoth K, Woelke U and Huber P, 1985, Effects of ethylbenzene,
toluene, and xylene on the induction of micronuclei in bone marrow polychromatic
erythrocytes of mice. Arch Toxicol 58: 106-109.

National Toxicology Program (NTP), 1986. Toxicology and Carcinogenesis Studies of
Xylenes (Mixed) (60% m-xylene, 14% p-xylene, 9% o-xylene, and 17% ethylbenzene)
(CAS No. 1330-20-7) in F344/N Rats.and B6C3F, Mice (Gavage Studies). NTP
Technical Report Series No. 327. NIH Publication No. 87-2583. U.S. Department of
Health and Human Services, Public Health Service, National Institutes of Health. NTP,
Research Triangle Park, NC.

Nalional Toxicology Program (NTP), 1999.. Toxicology and Carcinogenesis Studies of
Ethylbenzene (CAS No. 100-41-4) in F344/N Rats.and in B6C3F; Mice (Inhalation
Studies). Technical Report Series No. 466. NIH Publication No. 99-3956. U.S.
Department of Health and Human Services, Public Health Service, National Institutes of
Health. NTP, Research Triangle Park, NC.

Nestmann ER and Lee EG, 1983. Mutagenicity of constituents of pulp and paper mill
effluent in growing cells of Saccharomyces cerevisiae. Mutat Res 119:273-280.

Nestmann ER, Lee EG, Matula TI, Douglas GR and Mueller JC, 1980. Mutagenicity of
constituents identified in pulp and paper mill effluents using the Salmonella/mammalian-
microsome assay. Mutat Res 79:203-212.

Norppa H and Vainio H, 1983. Induction of sister-chromatid exchanges by styrene
analogues in cultured human lymphocytes. Mutat Res 116:379-387.

Sams C, Loizou GD, Cocker J and Lennard MS, 2004. Metabolism of ethylbenzene by
human liver microsomes and recombinant human c¢ytochrome P450s (CYP). Toxicol Lett
147:253-260.

37

93



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

Seel)-( JC, Haseman JK, Nyska A, Wolf DC, Everitt JI and Hailey JR, 2002. The effect of
chronic progressive nephropathy on the incidence of renal tubule cell neoplasms in
control male F344 rats. Toxicol Pathol 30(6):681-686.

Serron SC, Dwivedi N and Backes WL, 2000. Ethylbenzene induces microsomal oxygen
free radical generation: antibody-directed characterization of the responsible cytochrome
P450 enzymes. Toxicol Appl Pharmacol 164: 305-311.

Sram RJ, Beskid O, Binkova B, Rossner P and Smerhovsky Z, 2004. Cytogenetic
analysis using fluorescence in situ hybridization (FISH) to evaluate occupational
exposure to carcinogens. Toxicol Lett 149:335-344,

Stott WT, Johnson KA, Bahnemann R, Day 8J and McGuirk RJ, 2003. Evaluation of
potential modes of action of inhaled ethylbenzene in rats and mice. Toxicol Sci 71:53-
66.0

Tardif R, Charest-Tardif G, Brodeur J and Krishnan K, 1997. Physiologically based
pharmacokinetic modeling of a ternary mixture of alkyl benzenes in rats and humans.
Toxicol Appl Pharmacol 144:120-143.

Toda C, Uchida T, Midorikawa K, Murata M, Hiraku Y, Okamoto Y, Ueda K, Kojima N
and Kawanishi S, 2003. DNA damage by ethylbenzenchydroperoxide formed from
carcinogenic ethylbenzene by sunlight irradiation. Biochem Biophys Res Commun
304:638-642.

U.S. Environmental Protection Agency (U.S. EPA), 2000. Benchmark Dose Technical
Guidance Document. (External Review Draft, October, 2000). Risk Assessment Forum,
Washington, DC, 87 pp.

U.S. Environmental Protection Agency (U.S. EPA), 2003. Draft final guidelines for
Carcinogen Risk Assessment (External Review Draft, February 2003). NCEA-F-0644A.
03 Mar 2003. U.S. Environmental Protection Agency, Risk Assessment Forum,

- Washington, DC, 125 pp.

Watanabe K, Bois FY and Zeise L, 1992. Interspecies extrapolation: A reexamination of
acute toxicity data. Risk Anal 12:301-310. :

38

94



Ethylbenzene PUBLIC REVIEW DRAFT - April 2007

Appendix
Berkeley Madonna Model Code Example {Male Rat 75 ppm x 6.25 hr/d X Sdaysfweek, 1 week
simulation. If cut and pasted into BM deme program available online this model will run)
METHOD stiff :

STARTTIME =0
STOPTIME= 168
DT = 0.001

{ethylbenzene moles}
initAf=0

Limit Af>= 0
initAl=0

Limit Al >=0
intAm=0
Limit Am >=0
init Avig =10
Limit Avrg>=0
init Alu=0
Limit Alu>=0

{moles metabolized}
init Ametl =0
init Ametig =0

{tissue flows Lt/hr}
Qtot = 15*BW"0.7
Qalv = 15*BW*D.7
Qf = 0.09"Qtot
Qurg = 0.51*Qtot
Ql = 0.25"Qtot
Qm = 0.15*Qtot
Qlu = Qtot

{tissue volumes L}
Vi=0.09"BW

Vi = 0.049"BW
Vm = 0.72*BW
Vvrg = 0.036"BW
Viu = 0.014*BW
BW =045

{blood/air and lissue/blood partition coefficients, unitless)
Pb=28.0

Pl=2.89

Pr=5557

Pm =093

Pvig =141

Plu=2.15
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{ethylbenzene metabolic parameters, CLh, Vmax molihr, Km, M}

VmaxC = 6.39

Vmax = VmaxC*BW*0.75/(1000*106.16)

Km = 1.04/{(1000"106.186)

{exposure in ppm converted to molesiL}

Cair = IF TIME <= 6.25 THEN 75*(1E-6/25.45) ELSE IF (24<TIME) AND (TIME <= 30.25) THEN
75"(1E-6/25.45) ELSE IF (48<TIME) AND (TIME <= 54.25) THEN 75*(1E-6/25.45) ELSE IF
(72<TIME) AND (TIME <= 78.25) THEN 75"(1E-6/25,45) ELSE IF (96<TIME) AND (TIME <=
102,25) THEN 75*(1E-6/25.45) ELSE 0

{calculated concentrations of ethylbenzene}

Cart = Pb*(Qalv*Cair + Qtot*Cvtot}/(Pb*Qtot + Qalv)
Cvt = AfI(VEP)

Cvl = AV(VI*PI)

Cwvvrg = Avrg/(Vvrg*Pvrg)

Cvm = Am/(Vm*Pm)

Cvlu = Alu/{VIu*Piu)

Cvtot = (QI*Cvl + Qf*Cvf + Qm*Cvm + Qurg*"Cwrg)/Qtot
Cexh = Cart/Pb

Tmass = Ametl + Alu + Al + Af + Am + Avrg

{differential equations for ethylbenzene uptake and metabolism}
d/dt{Alu) = Qtot*(Cvitot - Cviu)

dfdt(Al) = QI*(Cart - Cvl) - Vmax*Cvl/(Km + Cvl)

d/di(Af) = Qf*{Cart - Cvf)

d/d{Avrg} = Quvrg*{Cart - Cwvrg)

d/dt{Am) = Qm*{Cart - Cvm)

{amount of ethylbenzene metabolized}
didt{Ametl) = Vmax"Cvl/(Km + Cvl)
didt{Ametlg) = (Vmax*Cvl/(Km + CvI))/BW
init AUCvitot =0

init AUCvl = 0

d/dt{AUUCvtot) = Cvtot

d/di{AUCVY]) = Cvl
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CHRONIC TOXICITY SUMMARY

ETHYLBENZENE

(Phenylethane; NCI-C56393)
CAS Registry Number: 100-41-4

I Chrdnic Toxicity Summary

Inhalation reference exposure level 2000 pg/m’ (400 ppb)

Critical effect(s) Liver, kidney, pituitary gland in mice and rats
Hazard index target(s) Alimentary system (liver); kidney; endocrine
system

II. Physical and Chemical Properties (HSDB, 1994)

Description colorless liquid

Molecular formula CsHio

Molecular weight 106.16 g/mol

Boiling point 136.2°C

Melting point -95°C _

Vapor pressure 10 torr @ 25.9°C

Density 0.867 g/lem® @ 20°C

Solubility Soluble in ethanol and ether, low solubility in
: water (0.014 g/100 ml at 15°C)

Conversion factor 1 ppm = 4.35 mg/m’

III. Major Uses or Sources

Ethylbenzene is used as a precursor in the manufacture of styrene (HSDB, 1994). Tt is also used
in the production of synthetic rubber, and is present in automobile and aviation fuels. It is found
in commercial xylene (Reprotext, 1994). In 1996, the latest year tabulated, the statewide mean
outdoor monitored concentration of ethylbenzene was approximately 0.4 ppb (CARB, 1999a).
The latest annual statewide emissions from facilities reporting under the Air Toxics Hot Spots
Act in California, based on the most recent inventory, were estimated to be 161,846 pounds of
ethylbenzene (CARB, 1999b).

IV.  Effects of Human Exposure

Studies on the effects of workplace exposures to ethylbenzene have been complicated by
concurrent exposures to other chemicals, such as xylenes (Angerer and Wulf, 1985). Bardode;j
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and Cirek (1988) reported no significant hematological or liver function changes in 200
ethylbenzene production workers over a 20-year period.

V. Effects of Animal Exposure

Rats and mice (10/sex/group) were exposed to 0, 100, 250, 500, 750, and 1000 ppm (0, 434,
1086, 2171, 3257, and 4343 mg/m®) ethylbenzene 6 hours/day, 5 days/week for 90 days (NTP,
1988; 1989; 1990). Rats displayed significantly lower serum alkaline phosphatase in groups
exposed to 500 ppm or higher. Dose-dependent increases in liver weights were observed in male
rats beginning at 250 ppm, while this effect was not seen until 500 ppm in the females, An
increase in relative kidney weights was seen in the 3 highest concentrations in both sexes.
Minimal lung inflammation was observed in several of the treatment groups, but this
phenomenon was attributed to the presence of an infectious agent rather than to ethylbenzene
exposure. The mice in this study did not show any treatment-related effects except for elevated
liver and kidney weights at 750 and 1000 ppm, respectively.

Rats and mice were exposed to ethylbenzene (greater than 99% pure) by inhalation for 2 years
(NTP, 1999; Chan et al., 1998). Groups of 50 male and 50 female F344/N rats were exposed to
{3, 75, 250, or 750 ppm, 6 hours per day, 5 days per week, for 104 weeks. Survival of male rats
in the 750 ppm group was significantly less than that of the chamber controls. Mean body
weights of 250 and 750 ppm males were generally less than those of the chamber controls
beginning at week 20. Mean body weights of exposed groups of females were generally less
than those of chamber controls during the second year of the study. In addition to renal tumors,
the incidence of renal tubule hyperplasia in 750 ppm males was significantly greater than that in
the chamber controls. The severity of nephropathy in 750 ppm male rats was significantly
increased relative to the chamber controls. Some increases in incidence and severity of
nephropathy were noted in all exposed female rats, but these were statistically significant only at
750 ppm.

Groups of 50 male and 50 female B6C3F1 mice were exposed to 0, 75, 250, or 750 ppm
ethylbenzene by inhalation, 6 hours per day, 5 days per week, for 103 weeks. Survival of
exposed mice was similar to controls. Mean body weights of females exposed to 75 ppm were
greater than those of the chamber controls from week 72 until the end of the study. In addition to
lung and liver tumors, the incidence of eosinophilic liver foci in 750 ppm females was
significantly increased compared to that in the chamber controls. There was a spectrum of
nonneoplastic liver changes related to ethylbenzene exposure in male mice, including syncytial
alteration of hepatocytes, hepatocellular hypertrophy, and hepatocyte necrosis. The incidences
of hyperplasia of the pituitary gland pars distalis in 250 and 750 ppm females and the incidences
of thyroid gland follicular cell hyperplasia in 750 ppm males and females were significantly
increased compared to those in the chamber control groups. Based on an evaluation of all the
non-cancer data in mice and rats OEHHA staff selected 75 ppm as the NOAEL for the NTP
(1999) study.

Rats (17-20 per group) were exposed to 0, 600, 1200, or 2400 mg/m” for 24 hours/day on days 7
to 15 of gestation (Ungvary and Tatrai, 1985). Developmental malformations in the form of
“anomalies of the uropoietic apparatus” were observed at the 2400 mg/m’ concentration.
A-42
Ethyl benzene

98



Skeletal retardation was observed in all exposed groups compared with controls. The incidence
of skeletal abnormalities increased with higher concentrations of ethylbenzene.

Rabbits exposed by these investigators to the same concentrations as the rats on days 7 to 15 of
gestation, exhibited maternal weight loss with exposure to 1000 mg/m® ethylbenzene. There
were no live fetuses in this group for which abnormalities could be evaluated. No developmental
defects were observed in the lower exposure groups.

Rats (78-107 per group) and rabbits (29-30 per group) were exposed for 6 or 7 hours/day, 7
days/week, durmg days 1-19 and 1-24 of gestation, respectively, to 0, 100, or 1000 ppm (0, 434,
or 4342 mg/m’) ethylbenzene (Andrew ef al., 1981; Hardin et al., 1981). No effects were
observed in the rabbits for maternal toxicity durmg exposure or at time of necropsy. Similarly,
no effects were seen in the fetuses of the rabbits. The only significant effect of ethylbenzene
exposure in the rabbits was a reduced number of live kits in the 1000 ppm group. A greater
number and severity of effects were seen in rats exposed to 1000 ppm ethylbenzene. Maternal .
rats exposed to 1000 ppm exhibited significantly increased liver, kidney, and spleen weights
compared with controls, Fetal rats showed an increase in skeletal variations at the 1000 ppm
concentration, but the results of the 100 ppm exposure were not conclusive.

Clark (1983) found no significant effects on body weight, food intake, hematology, urinalysis,
organ weights or histopathology in rats (18 per group) exposed to 100 ppm (434 mg/m3)
ethylbenzene for 6 hours/day, 5 days/week, for 12 weeks.

Degeneration of the testlcular epithelium was noted in guinea pigs and a rhesus monkey exposed
to 600 ppm (2604 mg/m’) for 6 months (Wolf ef al., 1956). No -effects were reported for female
monkeys exposed to the same conditions.

Cragg ef al. (1989) ex?osed mice and rats (5/sex/group} to 0, '99, 382, and 782 ppm (0, 430,
1659, and 3396 mg/m”) 6 hoursfday, 5 days/week for 4 weeks. Some evidence of increased
salivation and lacrimation was seen in the rats exposed to 382 ppm. No other gross signs of
toxicity were observed. Both male and female rats had significantly enlarged livers following
exposure to 782 ppm. Female mice also showed a significant increase in liver weight at this
concentration. No histopathological lesions were seen in the livers of these mice.

Dose-dependent induction of liver cytochrome P450 enzymes in rats by ethylbenzene was
observed by Elovaara e! al. (1985) Rats (5 per group} were exposed to 0, 50, 300, or 600 ppm
(0, 217, 1302, or 2604 mg/m?®) ethylbenzene for 6 hours/day, § days/week for 2, 5,9, or 16
weeks. Cytochrome P450 enzyme induction, and microscopic changes in endoplasmic reticulum
and cellular ultrastructure were evident at all ethylbenzene concentrations by week 2, and
persisted throughout the exposure. Liver weights were not elevated in these studies.
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VL.  Derivation of the Chronic Reference Exposure Level

Study NTP, 1999; Chan et al., 1998

Study population Male and female rats and mice (50 per group)
Exposure method Discontinuous inhalation

Critical effects Nephrotoxicity, body weight reduction (rats)

hyperplasia of the pituitary gland; liver cellular
alterations and necrosis (mice)

LOAEL 250 ppm

NOAEL 75 ppm

Exposure continuity 6 hours/day, 5 days/week

Exposure duration 103 weeks.

Average experimental exposure 13 ppm for NOAEL group

Human equivalent concentration 13 ppm for NOAEL group (gas with systemic

effects, based on RGDR = 1.0 using default
assumption that lambda (2) = lambda (h))

LOAEL uncertainty factor , I
Subchronic uncertainty factor ]
Interspecies uncertainty facior 3
Intraspecies uncertainty factor 10
Cumulative uncertainty factor 30

Inhalation reference exposure level 0.4 ppm-(400 ppb; 2 mg/m”; 2,000 pg/m?)

The REL is based on a lifetime toxicity/carcinogenesis study. The NOAEL for non-neoplastic
effects in the study was 75 ppm, and the LOAEL was 250 ppm. Some shorter duration studies
discussed above {(e.g. NTP, 1988, 1989, 1990) identify higher concentrations as NOAELs, but
the study used (NTP 1999) is the most recent available and is considered the most reliable for

assessing chronic effects.

U.S. EPA based its RfC on developmental toxicity studies in rats and rabbits (Andrew et i,
1981; Hardin ef al., 1981; U.S. EPA, 1994). The NOAEL in the studies was 100 ppm, and the
LOAEL was 1000 ppm. In accordance with its methodology, U.S. EPA did not use a time-
weighted average concentration for the discontinuous exposure experiment since the key effect
was developmental toxicity. If OEHHA methodology is followed (which includes the time-
weighted averaging of the exposure concentrations, and uncertainty factors of 3 (interspecies,
with RGDR = 1) and 10 (intraspecies), this study would indicate a REL of 0.6 ppm (3 mg/m">).
The study by Ungvary and Tatrai (1985) reported a NOAEL of 600 mg/m’ for developmental
and maternal effects in several species. However, the reporting and general quality of this paper
create less confidence in its results.

For comparison to the proposed REL of 0.4 ppm, Clark (1983) found no significant effects in
rats exposed to 100 ppm ethylbenzene 6 h/day, 5 d/week, for 12 weeks. This NOCAEL can be
time-adjusted to 18 ppm, then divided by a subchronic UF of 3, an interspecies UF of 3, and an
intraspecies UF of 10 which results in a REL of 0.2 ppm. (The default value of | for RGDR was
used). It appears that the proposed REL provides a sufficient margin of safety to provide
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protection against the reported developmental effects (Andrew ef al., 1981; Hardin e/ al., 1981;
Ungvary and Tatrai, 1985)

VII. Data Strengths and Limitations for Development of the REL

The strengths of the inhalation REL for ethylbenzene include the availability of controlled
exposure inhalation studies in multiple species at multiple exposure concentrations and with
adequate histopathogical analysis, and the observation of a NOAEL in lifetime chronic
inhalation exposure studies. The major area of uncertainty is the lack of adequate human
exposure data.
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PREFACE

Drinking Water Public Health Goal of the
Office of Environmental Health Hazard Assessment

This Public Health Goal (PHG) technical support document provides information on health effects
from contaminants in drinking water. The PHG describes concentrations of contaminants at which
adverse heaith effects would not be expected to occur, even over a lifetime of exposure. PHGs are
developed for chemical contaminants based on the best available toxicological data in the scientific
literature. These documents and the analyses contained in them provide estimates of the levels of
contaminants in drinking- water that would pose no significant health risk to individuals consuming
the water on a daily basis over a lifelime.

The California Safe Drinking Water Act of 1996 (amended Health and Safety Code, Section
116365} requires the Office of Environmental Health Hazard Assessment (OEHHA) to adopt
PHG:s for contaminants in drinking water based exclusively on public health considerations. The
Act requires OEHHA to adopt PHGs that meet the following criteria: :

1. PHGs for acutely toxic substances shall be set at levels at which scientific evidence indicates
that no known or anticipated adverse effects on health will ocour, plus an adequate margin-of-
safety. .

2. PHGs for carcinogens or other substances which can cause chronic disease shall be based
solely on health effects without regard to cost impacts and shall be set at levels which OEHHA
has determined do not pose any significant risk to health.

3. To the extent the information is available, OEHHA shall consider possible synergistic effects
resulting from exposure 1o two or more contaminants.

4. OEHHA shall consider the existence of groups in the population that are more susceptible to
adverse effects of (he contaminants than a normal healthy adult.

5. OEHHA shall consider the contaminant exposure and body burden Jevels that aiter
physiological function or structure in a manner that may significantly increase the risk of
illness.

6. In cases of scientific ambiguity, OEHHA shall use criteria most protective of public health and
shall incorporate uncertainty factors of noncarcinogenic substances for which scientific
research indicates a safe dose-response threshold.

7. In cases where scientific evidence demonstrates that a safe dose-response threshold for a
contaminant exists, then the PHG should be set at that threshold.

8. The PHG may be set at zero if necessary to satisfy the requirements listed above.

9. OEHHA shall consider exposure to contaminants in media other than drinking water, including
food and air and the resulting body burden.

10. PHGs adopted by OEHHA shall be reviewed periodically and revised as necessary based on
the availability of new scientific data,

PHGs adopted by OEHHA are for use by the California Department of Health Services (DHS) in
establishing primary drinking water standards (State Maximum Contaminant Levels, or MCLs).
Whereas PHGs are to be based solely on scientific and public health considerations without regard
to economic cost considerations, drinking water standards adopted by DHS are to consider
economic factors and technical feasibility. For this reason PHGs are only one part of the
information used by DHS for establishing drinking water standards. PHGs established by -
OEHHA exert no regulatory burden and represent only non-mandatory goals, By federal law,
MCLs established by DHS must be at least as stringent as the federal MCL if one exists.
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PHG documents are developed for technical assistance to DHS, but may also benefit federal, state
and local public health officials. While the PHGs are calculated for single chemicals only, they
may, if the information is available, address hazards associated with the interactions of
contaminants in mixtures. Further, PHGs are derived for drinking water only and are not to be
utitized as target levels for the contamination of environmental waters where additional concerns of
bioaccumulation in fish and shellfish may pertain. ORen environmental water contaminant criteria
are more stringent than drinking water PHGs, to account for human exposures to a single chemical

in multiple environmental media and from bioconcentration by plants and animals in the food
chain.
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SUMMARY

A Public Health Goal (PHG) of 0.3 mg/L (300 ppb) is developed for ethylbenzene in drinking
water. U.S. EPA determined that ethylbenzene is not classifiable as to human carcinogenicity
(Group D). Therefore, the PHG calculation is based on noncarcinogenic effects observed in
experimental animals. The National Toxicology Program (NTP) study cited in'the development of
the PHG provides evidence of hepatotoxicity in mice exposed to 250 ppm ethylbenzene in air for
two years. This type of effect is consistent with other reports on the toxicity of ethylbenzene. A
no-observed-adverse-effect-level (NOAEL) for hepatotoxicity was determined to be 75 ppm from
the NTP study, corresponding to a daily dose of 49 mg/kg. For the calculation of the PHG, factors
accounting for uncertainty in inter-species extrapolation, potentially sensitive human
subpopulations and the potential for a severe effect (cancer) were incorporated, for a cumulative
uncertainty factor of 1,000. Based on these considerations, OEHHA calculates a PHG for
ethylbenzene of 0.3 mg/L (300 ppb). '

INTRODUCTION

The purpose of this document is to develop a PHG for ethylbenzene in drinking water. In an
evaluation of the available literature as of 1991, the U.S. Environmental Protection Agency (U.S.
- EPA} determined that ethylbenzene is not classifiable as to human carcinogenicity (Group D; U.S.
EPA, 1991a). The International Agency for Research on Cancer (TARC) has not evaluated the

carcinogenicity of ethylbenzene.

In this document, we evaluate the available data on the toxicity of ethylbenzene, with the primary
focus on the literature related to oral exposures which may be most appropriate for the
establishment of a PHG for drinking water. To determine a public health-protective level for
ethylbenzene in drinking water, an effort was made 1o identify more sensitive subgroups in the
general population (and if there is inadequate information to identify such groups, appropriate
uncertainty factors were incorporated into the PHG). The studies which can be used to identify
public health-protective levels are reviewed and evaluated.

CHEMICAL PROFILE

Ethylbenzene (phenylethane; CAS No. [00-41-4} is a colorless liquid at room temperature with the
molecular formula CsH,e and a molecular weight of 106.16 g/mole (4.42 mg/m’ per ppm in air at
20°C) (chemical dala from HSDB, 1997, except as noted). It has a melting point of -95.0°C, a
boiling point of 136.2°C and a vapor pressure of 10 mm Hg at 25.9°C. It is minimally soluble in
water (140 mg/L at 15°C), but is miscible with many organic solvents, including ethanel and ethyl
ether.

Ethylbenzene has an odor which has been described as aromatic, pungent or sweet and gasoline-
like (HSDB, 1997). The odor threshold has been approximated at 2.3 ppm (Amoore and Hautala,
1983), although lower values have been reported (0.09 to 0.6 ppm) (AIHA, 1989). A taste
threshold in water has been estimated at 0.1 mg/L (Fazzalari, 1978).
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PRODUCTION AND USE

The primary use of ethylbenzene is as a chemical intermediate in the production of styrene
monomer, which accounts for more than 99% of its use (HSDB, 1997). It has been used in the

* manufacture of synthetic rubber, acetophenone and cellulose acetate. As an organic liquid, it also
has use as an industrial solvent for insecticides and acetophenone and as a diluent in the paint
industry (a replacement for benzene). Ethylbenzene is a component of gasoline (added to 2% by
weight as an anti-knocking agent) and is also present in preparations of naphtha, asphalt and
xylene.

Most ethylbenzene is produced by the Friedel-Crafts alkylation reaction with benzene, ethylene and
an aluminum chioride catalyst and promeoter (Fishbein, 1985). Production of ethylbenzene in the
United States (U.8.) has been estimated at 11.76 billion pounds (1993), while 1983 estimates of
ethylbenzene imperts were 87 million pounds (HSDB, 1997). For the years 1982 and 1983,
ethylbenzene ranked among the top 20 chemical products (Fishbein, 1985).

ENVIRONMENTAL OCCURRENCE AND HUMAN EXPOSURE

The high level of production and use of ethylbenzene in-industry results in the potential for
contamination of air, soil and water. As a component of crude petroleum and a product of
combustion, ethylbenzene is also a naturally occurring compound (Fishbein, 1985).

Air

The presence of ethylbenzene in gasoline as well as ils common use as a solvent results in a
significant potential for release to air. Urban air has been shown to have higher levels of
ethylbenzene than rural air. Vehicle emissions have been proposed to be the major contributor to
air conlamination (ATSDR, 1990). Estimates of ethylbenzene in urban air have included levels up
1o 23.1 ppb and a range of 3 to 15 ppb ethylbenzene (Fishbein, 1985; ATSDR, 1990, citing
Jonsson er al., 1985). Other surveys have reported remote or rural air levels of ethylbenzene of
less than 0.2 ppb and suburban and urban median concentrations of 0.6 ppb; higher estimates near
roads have been reported (10 to 16 ppb) (ATSDR, 1990).

The use of consumer products conlaining xylene and ethylbenzene such as degreasers, insecticides,
lacquers and paint removers results in the potential for exposure of the general population,
Ethylbenzene has also been identified as a component.of tobacco smoke. Because of the enclosed
environment, indoor air estimates of ethylbenzene frequently are higher than those outdoor.

Toxic Release Inventory (TRI) data for California indicate that for the years 1987 to 1994, air
releases ranged from 89,836 to 211,362 pounds (U.S. EPA, 1997). Nationwide air emissions for
1988 were estimated at 47 billion pounds (ATSDR, 1990).

Soil

Soil contamination by ethylbenzene may potentiaily occur through fuel spillage, solvent disposal or

storage tank leakage. Of the hazardous waste sites tested for ethylbenzene contamination, 25%
showed detectable levels with a geometric mean soil concentration of 67 ppb (ATSDR, 1990),
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. Water

Water has the potential to become contaminated by ethylbenzene from its use in industry
(discharges), as a fuel component and by storage tank leakage. Drinking water supplies taken near
leaking gasoline storage tanks or from surface waters have the highest polential for contamination.

Among the approximately 4% of surface water samples in which ethylbenzene has been detected,
the geometric mean concentration was approximately 340 ppb (ATSDR, 1990; citing U.S. EPA,
1989). Median concentrations for surface water samples, however, were reported to be less than
5 ppb. Among the approximately 11% of ground waler samples in which ethylbenzene has been
detected, the mean concentration was approximately 70 ppb. .

Public’drinking water samples in Rhode Island were reported to have ethylbenzene levels ranging
from 1 to 3 ppb (ATSDR, 1990). Likewise, water supplies in New Orleans (1974) were reported
to contain 1.6 to 2.3 ppb ethylbenzene. When detected, well water sampling has generally shown
higher ethylbenzene concentrations,

Food

There are some reports of measurable quantities of ethylbenzene in food products (ATSDR, 1990;
citing Lovegren ef al., 1979). Concentrations of 0.005 to 0.013 ppm have been measured for food
products such as split peas, lentils and beans.

The chemical and pharmacokinetic properties (low bioconcentration factor, rapid metabolism - see
below) of ethylbenzene suggest little potential for significant bioaccumulation in aquatic
organisms.

METABOLISM AND PHARMACOKINETICS

Absorption

Both oral and inhalation exposure of human subjects to ethyibenzene results in rapid absorption
(NTP, 1996; citing Bardodej and Bardodejova, 1970; Climie ef al., 1983). Inhalation exposure of
18 human male volunteers to 100, [87, 200 or 370 mg/m® ethylbenzene resulted in an absorption
estimate of 64% (Bardodej and Bardodejova, 1970). Inhalation exposure of rats to 1 mg/L for six
hours resulted in an absorption estimate of 44%, although the possibility of dermal absorption (due
to whole-body exposure) was not considered (Chin er al,, 1980). Six human volunteers exposed to
18, 34, 80 and 200 mg/m” ethylbenzene demonstrated a lung retention of 49% of the ethylbenzene
vapors (Gromiec and Piotrowski, 1984).

The dermal absorption of ethylbenzene has been studied in 14 human volunteers exposed to
aqueous solutions of 112'and 156 mg/L (Dutklewwz and Tyras, 1967). The skin absorption rate
was determined to be 0.12 and 0.21 mg/cm*hour which was described as rapid relative to other
organic compounds such as benzene and styrene. Dermal absorption of liquid ethylbenzene was
also estimated at 22 to 33 mg/em*hour (Dutkiewicz and Tyras, 196?) Percutaneous absorption
of ethylbenzene in rat skin (in vitro) was estimated at 105 ng/em”-minute (approximately 0.064
mg/cm?-hour) (Tsuruta, 1982). Total percutaneous absorption of 3.4% of the applied dose
(occluded) was estimated for ethylbenzene applied to hairless mice (Susten ef al., 1990).
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Distribution

The low solubility of ethylbenzene in blocd and moderate lipophilicity will result in rapid
distribution to all tissues, including the brain. Ethylbenzene does not highly concentrate in any
tissue, but reaches equilibrium within a few minutes in rapidly perfused tissues and more slowly, to
a higher concentration, in fat.

Exposure of rats to radiolabeled ethytbenzene by inhalation has demonstrated distribution to the
liver, gastrointestinal tract and adipose tissue (Chin ef af., 1980). Although the experimental
design measured ethylbenzene levels within two days, distribution to these sites would be expected
to be very rapid. Similarly, oral administration of radiolabeled ethylbenzene to rats resulted in
distribution to the liver, kidney, intestine and adipose tissue (Climie ef al., 1983). Humans exposed
to ethylbenzene orally or by inhalation have exhibited low levels in subcutaneous and body fat
(Engstrom and Bjurstrom, 1978; Wolf et al., 1977). Transplacental transport appears to occur as
evidenced by the appearance of ethylbenzene in cord bloed (HSDB, 1997)

Metabolism and Excretion

I-Phenylethanol (o-methylbenzyl alcohol), mandelic acid and phenylglyoxylic acid have been
identified as metabolites in the urine of human subjects exposed to ethylbenzene (Bardodej and
Bardodejova, 1970; Engstr8m et al., 1984). Oxidation of the side chain appeared to be the
primary metabolic conversion for excretion into urine among human subjects exposed to
ethylbenzene by inhalation (150 ppm), while ring oxidation accounted for enly 4% of the metabolic
products (Engstrém et al., 1984). Minor metabolites identified in human urine included
methylphenyl carbinol and 2-ethylphenol (Bardodej and Bardodejova, 1970).

In rats exposed to ethylbenzene by inhalation, the primary melabolites were |-phenylethanol,
mandelic acid and benzoic acid, although 11 other probable metabolites were identified. Minor
metabolites identified were w-hydroxyacetophenone, 1-phenyl-1,2-ethanediol, acetophenone, p-
hydroxyacetophenone and phenylglyoxal (Engsirtm, 1984). Metabolic products were found to be
conjugated with glucuronide, sulfate and glycine. Mandelic acid and phenylglyoxylic acid were
identified as minor metabolites in another study in rats and rabbits (Kiese and Lenk, 1974). As in
1he case of human metabolites, side chain oxidation products predominated. Differences in the
melabolic products of ethylbenzene in experimental animals and humans have been reported to be
minor (NTP, 1996; citing Chin et al., 1980, Climie er al., 1983).

In rats, urinary elimination of total identified metabolites after 48 hours accounted for 59 and 83%
of absorbed doses resulting from six hour inhalation exposure to 300 and 600 ppm ethylbenzene,
respectively (Engstrm, 1984). A minor level of respiratory elimination of unchanged ethylbenzene
is also likely (HSDB, 1997). Urinary elimination of the metabolite mandelic acid from human
volunteers exposed by inhalation was reported to be biphasic, with elimination half-lives of 3.1 and
24.5 hours (Gromiec and Piotrowski, 1984).
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TOXICOLOGY
Toxicological Effects in Animals

Acute Effects

Estimates of the LDs, from oral exposure to ethylbenzene have included 5.5 g/kg (rat; Smyth ef af.,
1962) and 3.5 g/kg (rat; Wolf ef al., 1956). An LDs estimate from intraperitoneal exposure was
2.3 g/kg (mouse; Lewis, 1992).

Inhalation LCy estimates for ethylbenzene include 4,000 ppm (four-hour, rat) (Smyth er al.,

1962), 8,000 ppm (one-hour, rat) (Smyth et af., 1962) and approximately 8,000 and approximately
13,000 ppm (two-hour, mice and rats, respectively) (Ivanov, 1962). Symptoms among affected
animals included sleepiness, leukocytosis, pulmonary congestion and hyperemia of the viscera
(Yanter al,, 1930). Eye and nose irritation of guinea pigs has resulted from short-term exposure to
1,000 to 2,000 ppm ethylbenzene (Lewis, 1992). Higher concentrations (10,000 ppm) have
resulted in tremor, ataxia and loss of consciousness and ultimately death to the guinea pigs (Lewis,
1992; ACGIH, 1991). Pulmonary irritation, decreased respiration and anesthesia were observed
following 30 minute exposure of mice to ethylbenzene concentrations ranging from 410 to

9,640 ppm ethylbenzene (Nielsen and Alarie, 1982).

An LDs of 15.4 g/kg was estimated in rabbits exposed dermally to ethylbenzene (Smyth ef af.,
1962).

Three-day exposure of rats to 2,000 ppm ethylbenzene (six hours/day) resulted in significant
increases in kidney and liver weight as well as the induction of hepatic cytochrome P45 and
microsomal enzymes (Toftgird and Nilsen, 1981; Tofigard and Nilsen, 1982). Male rats exposed
for three days (six hours/day} to 2,000 ppm ethylbenzene exhibited several biochemical changes,
including an increased turnover of dopamine and noradrenaline in the hypothalamus and median
eminence, and a 30% decrease in serum prolactin concentrations (Andersson ef al., 1981).

Subchronic Effects

F344 rats, B6C3F 1 mice and New Zealand white rabbits (five/sex/group) were exposed to 0, 99,
382 or 782 ppm (rats and mice) or 0, 382, 782 or 1,610 ppm (rabbils) ethylbenzene for six
hours/day, five days/week for four weeks (Cragg et al., 1989). Among male rats, liver weight was
significantly increased in the mid-dose group, while among male and female rats in the high-dose
group, liver weight, liver-to-body weight ratio and liver-to-brain weight ratio were increased.
Significantly increased liver weight (female mice) and liver-to-brain weight ratios {(male and female
mice) were observed among animals in the high-dose group. Platelet count and leukocyte count
were increased among male and female rats, respectively, in the high-dose group. Neither gross
nor microscopic changes in over 30 tissues collected from the animals were observed. Body weight
gain was decreased among female rabbits in the high-dose group. Transient decrease in body
weight gain was observed among male rabbits in the high-dose group. No clinical chemistry
effects were observed in rats or rabbits for a variety of tests. From this study a lowest-observed
adverse-effect-level (LOAEL) of 382 ppm and a NOAEL of 99 ppm for rats for changes in liver
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weight were identified. For mice an LOAEL of 782 ppm and an NOAEL of 382 ppm for organ
weight changes were identified. For rabbits, an LOAEL of 1,610 ppm and an NOAEL of 782 ppm
for body weight changes were determined.

F344/N rats and B6C3F1 mice (10/sex/group) were exposed to 0, 100, 250, 500, 750 or

1,000 ppm ethylbenzene for six hours/day, five days/week for 13 weeks (NTP, 1992). Among
exposed rats, absolute and relative liver, lung and kidney weights were increased, with the increase
in absolute and relative liver weights observed among male rats in the 250 ppm dose group and
higher, and among female rats in the 500 ppm dose group and higher. Absolute and relative kidney
weights were significantly increased among male and female rats in the 500, 750 and 1,000 ppm
dose groups (with the exception of male rats in the 500 ppm dose group where this effect was not
significant). Regeneration of the kidney tubules was observed in male rats in all dose groups with
increased severity with dose. Serum alkaline phosphatase was significantly increased among male
and female rats at doses of 500 ppm and higher. Enlarged lymph nodes (bronchial and
mediastinal) and lung inflammation observed in exposed groups was determined by the
investigators to be an infection rather than an exposure-related effect, although further evaluation
of this observation was recommended. Among male and female mice, absolute and relative liver
weights were increased in the two highest dose groups. Amiong female mice in the high-dose
group, relative kidney weights were significantly increased. NTP concluded that there was only
minimal evidence for the toxicity of ethylbenzene in rats and mice at the doses tested. In this study,
the LOAEL was considered to be 250 ppm ethylbenzene for liver weight changes and increased
renal tubular regeneration in rats; the study NOAEL was 100 ppm.

‘Several species were repeatedly exposed to ethylbenzene by inhalation (Wolf ef al., 1956). Among
rats (10 to 25/group) exposed to 400, 600, 1,250 or 2,200 ppm ethylbenzene for seven hours/day,
five days/week for 186 to 214 days, all groups exhibited slightly increased liver and kidney
weights. Rats in the two highest dose groups also exhibited growth depression as well as liver and
kidney histopathology characterized as cloudy swelling. Among guinea pigs (5 (o 10 per group)
similarly exposed to 400, 600 or 1,250 ppm ethylbenzene, animals in the highest dose group
exhibited growth depression and those in the mid-dose group exhibited a slight increase in liver
weight. Among rabbits (one to two/group) similarly exposed to 400, 600 or 1,250 ppm
ethylbenzene, testicular histopathology (degeneration of the germinal epithelium) was observed in
the mid-dose group. Among Rhesus monkeys exposed to 400 ppm (two females) or 600 ppm {one
male) ethylbenzene, the male exhibited testicular histopathology as well as slightly increased Fver
weight. An LOAEL of 400 ppm ethylbenzene was established in rals for changes in liver and
kidney weights. In guinea pigs an LOAEL of 1,250 ppm was established, with an NOAEL of
600 ppm. The utility of this study is somewhat limited by scant reporting of the experimental
findings and, with rabbils and monkeys, a limited number of experimental animals. The nature of
the control group for each of the experiments was also unclear.

Female rats (10/group) were also administered ethylbenzene 0, 13.6, 136, 408 or 608 mg/kg-day
orally by intubation for six months, five days/week (Wolf ef al., 1956). Effects observed in the
two highest dose groups included cloudy swelling of liver ceils and the renal tubular epithelium
with increased liver and kidney weight. The LOAEL for this study is 408 mg/kg-day and the
NOAEL is 136 mg/kg-day.

Wistar rats (18/sex/group) were exposed by inhalation to 0 or 100 pprﬁ ethylbenzene for six
hours/day, five days/week for 12 weeks (Clark, 1983). No statistically significant adverse effects
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were observed among the exposed animals. An NOAEL of 100 ppm ethylbenzene was identified
from this study.

In a study of liver effects, male Wistar rats (five/group) were exposed by inhalation to 0, 50, 300
or 600 ppm ethylbenzene for six hours/day, five days/week for 2, 5, 9 or 16 weeks (Elovaara ef al.,
1985). Proliferation of the smooth endoplasmic reticulum and degranulation of the rough
endoplasmic reticulum was evident at two to nine weeks. A number of serum enzyme activities
were increased after 16 weeks including NADPH-cytochrome reductase and UDPG-transferase
(300 and 600 ppm), and aminopyrine N-demethylase and 7-ethoxycoumnarin-O-deethylase (all
dose groups).

Six-month exposure of rabbits to 400 mg/kg ethylbenzene (presumably oral) was reported to
produce ségmentation of the nuclei of blood leukocytes (Pokkrovskii and Volchkova, 1968).
Seven-months exposure of rabbits to 100 or 1,000 mg ethylbenzene/m® was reported to lead to
hematological effects (white blood cell count changes), dystrophia of the liver and kidney and
muscle chronaxia (Ivanov, 1962; Ivanov, 1964).

Noncarcinogenic Chronic Effects

Fisher 344/N rats and B6C3F 1 mice (50/sex/group) were exposed by inhalation to 0, 75, 250 or
750 ppm ethylbenzene for two years (six hours/day, five days/week) (NTP, 1996). Survival was
significantly decreased among high-dose male rats. Among male and female rats in the high-dose
group the severity of nephropathy was increased over control animals. It was speculated by the
investigators that the reduced survival rate observed among male rats in the high-dose group was
caused in part by the exacerbation of nephrotoxicity, which is frequently observed among aging
male rats. Cystic degeneration of the liver was significantly increased in the high-dose group.
Increased incidences of edema, congestion and hemorrhage of the lungs and hemorrhage of the
renal lymph nodes were slightly but significantly increased among animals in the high-dose group,
although it was speculated that these were indirect effects among moribund animals. Prostate
gland inflammation, characterized as infiltration of mononuclear cells into the glandular acini and
interstitium, were also increased in all groups of male rats relalive to controls. Hypercellularity of
the bone marrow (increased erythroid and myeloid precursors) was increased in animals in both
high- and low-dose groups. A clear dose-response was not evident for either the prostate or bone
marrow effects. An LOAEL for renal and liver effects was established to be 750 ppm
ethylbenzene for rats, with an NOAEL of 250 ppm.

Among male mice, hepatotoxicity was evident and included significantly increased observations of
liver hypertrophy (high-dose), necrosis (high-dose) and alterations of hepatic syncytia (mid- and
high-dose}. Eosinophilic liver foci were significantly increased among female mice in the high-dose
group. For B6C3F1 mice, an LOAEL of 250 ppm ethylbenzene is established for hepatotoxicity in
males, with a corresponding NOAEL of 75 ppm.

Developmental and Reproductive Toxicity

Female CFY rats (17 to 20/group) were exposed to 0, 600, 1,200 or 2,400 mg/m’ ethylbenzene (0,
136, 271 and 543 ppm, respectively) continuously from days 7 to 15 of pregnancy (Ungvary and
Tétrai, 1985). The authors reported “moderate and dose-dependent” maternal toxicity in rats,
although the nature of the toxicity was not presented. Skeletal retardation was also reported among
the exposed rats, and the incidences of extra ribs, anomalies of the uropoietic apparatus and
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skeletal malformations were increased in the high-dose group. Post-implantation loss was also
increased among exposed rats. The LOAEL for rats in this study is 543 ppm ethylbenzene, with
an NOAEL of 271 ppm. Female CFLP mice and New Zealand rabbits were exposed 1o 0, 500 or
1,000 mg/m’ ethylbenzene (0, 113 and 226 ppm, respectively) continuously from days 6 to 20 of
pregnancy. Among mice, an increase in the incidence of skelelal retardation and weight retarded
fetuses was observed. Mice also showed an increase in the incidence of anomalies to the uropoietic
apparatus. Among rabbits, mild matemal toxicity (decreased weight gain) and increased loss to
abortion were observed in the high-dose group. Weight retardation was observed among fetuses in
the low-dose group. No teratogenic effects were observed.

Female Wistar rats (78 to 107/group) and New Zealand white rabbits (29 to 30/group} were
exposed by inhalation for six to seven hours/day to 0, 100 or 1,000 ppm ethylbenzene during
gestational days 1 to 19 (rats) or 1 to 24 (rabbits) (Andrew et al., 1981; also reported in Hardin ef
al., 1981}. There was no evidence of embryotoxicity, fetotoxicity or teratogenicity among rabbits,
nor was there evidence of maternal toxicity. A significant decrease in the number of live rabbit
kits/litter was observed in both exposed groups, although there was some question regarding the
reporting of the dala in the low-dose group. Among rat dams in the high-dose group, evidence of
toxicity included increases in the absolute and relative weight of the liver, kidney and the spleen.
Increased incidences of fetuses with superumerary and rudimentary ribs (high-dose) and extra ribs
(high- and low-dose) were also observed. In this study, the LOAEL was considered to be

1,000 ppm ethylbenzene for developmental effects in rabbits and rats and maternal toxicity in rat
dams. The corresponding NOAEL is 100 ppm.

In a supplemental experiment, female rats were exposed to 0, 100 or 1,000 ppm ethylbenzene, six
to seven hours/day, for three weeks prior to mating with exposure continuing into pregnancy
(Andrew et al., 1981). Among rat dams in the high-dose group, absolute and relative liver and
spleen weights were increased and relative kidney weight was increased significantly. Among the
fetuses in the high-dose group, the incidence of extra ribs was significantly increased. The LOAEL
and NOAEL for this study are 1,000 and 100 ppm ethylbenzene, respectively.

Genetic Toxicity

Five strains of Salmonella showed no evidence of mutagenicity from exposure to ethylbenzene
either with or without metabolic aclivation, nor was there evidence in two Escherichia coli strains
or in a Saccharomyces cerevisiae gene conversion assay (Nestmann ef al., 1980; Dean er al,,
1985; Zeiger et al., 1992; Florin er al., 1980). The lack of mutagenicity of ethylbenzene to
Salmonella has been confirmed in testing by NTP; additionally no indications of increased sister-
chromatid exchange or chromosomal aberrations were observed in Chinese hamster ovary cells
(NTP, 1996). Ethylbenzene induced a mutagenic response in a mouse lymphoma assay without
metabolic ac{ivation, but only at a dose which resulted in cytoloxicity (M cGregor er al,, 1988;
NTP, 1996). In addition, a 13-week exposure of mice by inhalation to ethylbenzene concentrations
of 500, 750 or 1,000 ppm did not result in an increase in the frequency of micronucleated
erythrocytes (MacGregor et al., 1990). :
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Carcinogenicity

Fisher 344/N rats and B6C3F1 mice (50/sex/group) were exposed by inhalation to 0, 75, 250 or
750 ppm ethylbenzene for two years (six hours/day, five days/week) (NTP, 1996). Survival rate
and mean body weight were lower among male rats in the high-dose group relative to control
animals. The incidences of renal tumors among male rats are summarized in Tables 1 and 2. In
addition, the incidences of interstitial cell adenoma and renal tubule hyperplasia were significantly
increased among male rats in the high-dose group.

Table 1. Kidney Tumors in Male Rats Exposed to Ethylbenzene (Single Sections) (NTP, 1996)

Tumor Type Exposure Concentration (ppm)

0 75 250 750
Tubular cell adenoma 0/50 3/50 2/50 4/50°
Tubular cell 0/50 050 1/50 3/50
carcinoma
Tubular cell tumors 0/50 3/50 3/50 7/50°
(combined)

“Significantly increased incidence.

Table 2 presents the results of a further evaluation of renal tumors in male and female rats using
(he results of the single sections combined wilh those of step sections. In addition to these
observations, the incidences of renal tubule hyperplasia were also increased significantly ameng
both male and female rats in the high-dose group. NTP reported no evidence of hyaline droplet
formation in the kidneys in this study (or in the earlier 13-week study), indicating that nephropathy
due to the accumulation of a,,-globulin is unlikely to be the mechanism of kidney toxicity with
ethylbenzene,

Table 2. Kidney Tumors in Rats Exposed 1o Ethylbenzene (Single and Step sections) (NTP, 1996)

Tumor Type Exposure Concentration (ppm)
0 75 250 750

Male Female Male Female Male Female Male Female
Tubular cell 3/50 0/50 5/50 0/50 7/50 1/50  20/50°  8/49°
adenoma
Tubular cell 0/50 0/50 1/50 3/50
carcinoma .
Tubular cell 3/50 5/50 8/50 21/5¢"
tumors
(combined)

"Significantly increased incidence.
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The incidence of testicular adenomas (interstitial and bilateral) was also increased among high-dose
male rats (36/50, control; 33/50, low-dose; 40/50, mid-dose; 44750, high-dose; p < 0.05 by
Fisher’s Exact Test).

The incidences of several tumor types were increased significantly among the B6C3F1 mice (Table
3). Among male mice in the high-dose group, the incidences of alveolar/bronchiolar adenoma and
adenoma or carcinoma (combined) were increased over controls. The incidences among exposed
groups, however, was within the range of historical controls (10 to 42% for combined tumors).
Among female mice in the high-dose group, the incidences of combined hepatocellular adenoma or
carcinoma and hepatocellular adenoma alone were significantly increased over control animals,
although again the incidence among exposed animals was within the range of historical controls (3
to 54% for combined tumors).

Table 3. Tumors in B6C3F1 Mice Exposed to Ethylbenzene (NTP, 1996)

Tumor Type Exposure Concentration (ppm)
0 75 250 750
Male - Female Male Female Male Female Male Female

Alveolar or 5/50 9/50 10/50 16/50°
_ bronchiolar
adenoma

Alveolar or 7450 10/50 15/50 ¢ 19/50°
bronchiolar

adenoma

+ carcinoma

Hepatocellular 6/50 9/50 12/50 16/50°
adenoma

Hepatocellular 13/50 12/50 15/50 25/50°
adenoma
+ carcinoma

"Significantly increased incidence (p < 0.05).

Thyroid gland follicular cell hyperplasia incidences were increased among male and female mice in
the high dose group. Among female mice in the high- and mid-dose groups, the incidences of
hyperplasia of the pituitary gland pars distalis was significantly increased (10/48, control; 12/49,
low-dose; 23/47, mid-dose; 22/49, high-dose; p < 0.05 by Fisher’s Exact Test).

In another study of the carcinogenicity of ethylbenzene, Sprague-Dawley rats were administered
500 mg/kg ethylbenzene by oral gavage for four or five days/week for 104 weeks (Maltoni et al.,
1985). An increase in the incidence of total malignant neoplasms was reported for both male and
female rats. Tumor types were not specified in the study.
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Weight-of-Evidence for Carcinogenicity

Only two studies have been conducted examining the carcinogenicity of ethylbenzene in
experimental animals (NTP, 1996; Maltoni ef al., 1985). The study by Maltoni ef al. (1985) was
conducled with only a single dose of ethylbenzene and details of the results were not presented
{total tumors). Therefore, the usefulness of the study is limited for the evaluation of
carcinogenicity, although a significant increase in total neoplasms was reported.

The chronic bioassay conducted by NTP demonstrated the induclion of several tumor types in rats .
and mice exposed to ethylbenzene by inhalation (NTP, 1996). The study appears io be well-
conducled and appropriately designed for the evaluation of the carcinogenicity of the test
compound in experimental animals, given the available information on the toxicity of ethylbenzene.
Dose selection was made based upon the results of previous subchronic studies and proved to be
adequately close to the maximum tolerated dose (MTD) as demonstrated by the limited increase in
mortality observed at the end of the two-year study. Significantly increased incidences of tumors
included combined renal tubule adenomas and carcinomas in male rats, testicular adenomas in
male rats, renal tubule adenomas in female rats, combined alveolar and bronchiolar adenomas and
carcinomas in male mice and combined hepatocellular adenomas and carcinomas in female mice.
In the case of lung tumors in male mice and liver tumors in female mice, the tumor incidences were
wilthin the range of incidences for historical controls,

The most clear evidence of carcinogenicity was demonstrated by the development of renal tubule
tumors in male rats. The appearance of renal tubule tumors in male rats raises the possibility that
the tumors were induced by a mechanism involving the hyperplastic response mediated by the
binding of the test compound to a,,-globulin leading to accumulation which results in
nephrotoxicity and a hyperplastic response, a mechanism which has been hypothesized for cerlain
strains of male rats (including Fisher 344/N)} but determined not to be relevant to humans for the
purposes of risk assessment because of the absence of significant amounts of o,,-globulin in
humans (U.S. EPA, 1991d). With regard lo the involvement of this mechanism in the evaluation of
the carcinogenicity of ethylbenzene, there are several observations to consider:

1} The current NTP study as well as the 13-week study which preceded it (NTP, 1992)
demonstrated no evidence of the formation of hyaline droplets in the kidneys, a hallmark of the
accumulation of a,~globulin and a requirement for the induction of nephropathy by this
proposed mechanism.

2) There was evidence of renal effects in female rats including a significantly increased incidence
of renal tubule adenomas and hyperplasia in the high-dose group as well as an increased
severity of nephropathy with increasing dose.

3) Since the o-globulin-mediated effect is specific to male rats, this observation provides
evidence that for rats exposed to ethylbenzene, another mechanism leading to renal lesions is

likely to be mediating toxicity.

For these reasons, the renal lesions observed in the study were considered relevant to human health
risk assessment and the calculation of a PHG for ethylbenzene in drinking water.
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While the NTP (1996) study overall provides some evidence for the carcinogenicity of
elhylbenzene in experimental animals, there are several issues which need to be considered before a
complele appraisal of the carcinogenic effect can be made and its relevance to humans established.
These concemns include the contribution of chronic injury or cytotoxicity to tumor development, the
appropriateness of using historical controls in decreasing the weight-of-evidence for significantly
elevated tumor incidences, and the biological relevance of increased hepatocellular tumors in
female B6C3F | mice. '

Toxicological Effects in Humans

Acute Effects

An early report on the toxicity of ethylbenzene in air demonstrated intolerable irritation of the eyes
and nose at 5,000 ppm, tearing, dizziness and nose irritation at 2,000 ppm and eye irritation at
1,000 ppm ethylbenzene (Yant et al., 1930). CNS depression occurs at 2,000 ppm ethylbenzene.
A later report showed a threshold of 200 ppm ethylbenzene for irritation of the eyes and mucous
membranes (Gerarde, 1959). Increasing the exposure level to 2,000 ppm ethylbenzene

(six minutes) resulted in dizziness and more severe irritation of the eyes and nose. Eighteen human
subjects (male) exposed to 100 ppm ethylbenzene for up to eight hours reported mild irritation of
the eyes and respiratory systemn plus liredness, insomnia and headache (Bardodej and Bardodejova,
1970). Skin contact may result in erythema and inflammation (Lewis, 1992).

Subchronic Effects

Prolonged inhalation exposure to levels as low as 23 to 230 ppm ethylbenzene may result in.
leukopenia, lymphocytosis, neurofonctional disorder and hepatitis, while lower levels of exposure
(2.3 ppm) may result in inflammation of the mucosa of the upper respiratory tract (HSDB, 1997;
citing ILO, 1983).

In an epidemiological study of 200 workers involved in the preduction of ethylbenzene, no
statistically significant differences in hematological parameters (including red and white blood cell
counts, platelet counts) or liver function tests (including bilirubin, LDH and SAP levels) were
observed between exposed and non-exposed subjects (Bardodej and Cirek, 1988). Exposure levels
were not quantitated, but mean duration of exposure was 12.2 years.

Dcvelopmentall and Reproductive Toxicity

No dala have been located in the scientific literature regarding the developmental and reproductive
toxicity of ethylbenzene to humans,

Genetic Toxicity

Ethyibenzene slightly increased the incidence of sister chromatid exchange in human whole blood
lymphocyte cultures without metabolic activation (Norppa and Vainio, 1983).
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Carcinogenicity

No human data have been located in the scientific literature as supporting evidence for the
carcinogenicity of ethylbenzene.

DOSE-RESPONSE ASSESSMENT

Noncarcinogenic Effects

Numerous studies have identified adverse noncarcinogenic effects resulting from exposure to
ethylbenzene. However, no svitable data are available from epidemiological studies of human
populations or case reports of human exposures for conducting a dose-response analysis. The few
case reports which are available, as well as the limited number of chamber studies, are limited by
inadequate estimation of exposure levels or by insufficient exposure duration for establishing
effects which may result from long-term exposure.

Several studies conducted with experimental animals have established minimum levels of exposure
associated with adverse toxicological effects (LOAELS) as well as levels without apparent effect
{NOAELSs). The enly chronic exposure study examining toxicity in experimental animals which
included noncarcinogenic endpoints is the NTP (1996) inhalation bioassay. High- and mid-dose
mice showed evidence of liver toxicity. The LOAEL established from this study is 250 ppm

(164 mg/kg-day; see below) with an NOAEL of 75 ppm (49.3 mg-kg/day). In the analysis of a
dose-response for the noncarcinogenic effects of ethylbenzene, the inhalation dose rate was
converted to an equivalent dose rate in units of mg/kg-day. For rats, this unit conversion was
based on 4.42 mg/m’ per ppm ethylbenzene (at 20°C), a rat breathing rate of 0,26 m’/day (adjusted
for experimental conditions of six hours/day, five days/week) and a rat body weight of 0.35 kg. A
reasonable estimate of the fractional absorption of ethylbenzene from inhalation exposure of 50%
was used based upon experimental findings in both animals and humans (see “Metabolism and
Excretion” above). For mice, the conversion was based on the same defaults with the exception of
a mouse breathing rate of 0.05 ni’/day and a mouse mean body weight of 0.03 kg. Therefore, the
inhalation doses of 75, 250 and 750 ppm ethylbenzene were converied to daily dose rates of 22.0,
73.3 and 220 mg/kg-day, respectively, for rats and 49.3, 164 and 493 mg/kg-day for mice.

Only two subchrenic studies of the toxicity of ethylbenzene by the oral route are available. One is
a six-month study with rabbits administered (presumably orally) a single dose level of 400 mg/ke-
day showing hematological effects (Pokkrovskii and Volchkova, 1968). The second (Wolfer al.,
1956} provided evidence for liver and kidney effects in rats at doses (administered by intubation) as
low as 408 mg/kg-day (the LOAEL), with no effects observed at the next lowest dose of

136 mg/kg-day (the NOAEL).

Subchronic inhalation studies have demonstrated a number of effects for ethylbenzene exposure in
experimental animals. Cragg ef al.(1989) observed adverse effects (organ weight changes) in rats
exposed to elhylbenzene levels as low as 382 ppm (LOAEL), with no effects observed at 99 ppm
(NOAEL). The NTP (1992) studies showed organ weight changes among rats in four dose groups
exposed to 250 ppm ethylbenzene (LOAEL) and higher with no effects observed at 100 ppm
(NOAEL). Inhalation studies by Wolf e al. (1956) showed organ weight effects among rats
exposed to 400 ppm ethylbenzene (LOAELY), the lowest dose tested. Clark (1983) observed no
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adverse effects in rats exposed to 100 ppm ethylbenzene for 12 weeks. Metabolic enzyme and mild
subcellular changes to the liver were observed in the 16-week study by Elovaara er af. (1985) at
exposure levels as low as 50 ppm ethylbenzene, however it is not clear that the nature of these
changes was adverse.

From animal developmental and reproductive toxicity studies, evidence of maternal toxicity was
observed in inhalation exposures at 1,000 ppm ethylbenzene (Andrew et al., 1981) with no adverse
effects observed at 100 ppm (NOAEL). In the study by Ungvary and Tétrai (1981), the LOAEL
was taken to be 543 ppm ethylbenzene for developmental effects in the offspring of exposed rats,
with an NOAEL of 271 ppm. Among mice in the same study low-dose (113 ppm) offspring
showed weight retardation (LOAEL).

The NOAEL in mice derived from the chronic inhalation studies (NTP, 1996) was selected as the
most sensitive endpoint for noncarcinogenic effects despite some uncertainty regarding the route-
to-route conversion. Inhalation studies have provided the most consistent evaluation of the toxicity
of ethylbenzene, also evidenced by the fairly consistent dose level (when accounting for the
exposure regimen) which is without adverse effect in experimental animals in the subchronic
exposure studies. There is also the question as to whether the endpoints observed are route-
specific. However, the evidence from both inhalation and oral studies suggests there are common
endpoints of toxicity, including liver and kidney toxicity. Furthermore, broad toxicity was
observed by both routes. While several subchronic studies provided comparable NOAELS, the
NTP (1996) chronic exposure study is the most suitable evaluation of noncarcinogenic endpoints
for purposes of developing a PHG for ethylbenzene in drinking water because of the chronic nature
of the exposure. The value from this study (and the route-converted dose of 49.3 mg/kg-day) has
been selected as the overall NOAEL for adverse noncarcinogenic effects from exposure to
ethylbenzene in experimental animals,

Carcinogenic Effects

A dose-response evaluation for the carcinogenic effects of ethylbenzene is not presented because of
the preliminary nature of the findings of the NTP (1996) study. However, because of the potential
for a carcinogenic effect from ethylbenzene exposure, an additional uncertainty factor (UF) of 10-

fold has been included in the calculation of the PHG level (see below).

CALCULATION OF PHG

A public health-protective concentration (C, in mg/L) for ethylbenzene in drinking waler can be
calculated based on the general equation for noncarcinogenic endpoints:

C = NOAELxBWxRSC = mglL
UF x L/day
where,
NOAEL = No-observed-adverse-effect-level (49 mg/kg-day)
BwW = Adult male body weight (70 kg)
RSC = Relative source contribution of 20% (0.2)
UF = Uncertainty factor of 1,000 (see text)
L/day = Volume of water consumed daily by an aduit (2 L/day).
Ethylbenzene in Drinking Water 14 December 1957
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In the case of elhylbenzene, the experimental NOAEL for the principle study (NTP, 1996) was
determined to be 49 mg/kg-day. The adult human body weight default is 70 kg for a male. An
RSC of 20% was used in the calculation in the absence of more specific information on exposures
to other sources of ethylbenzene exposure in addition to drinking water. A cumulative uncertainty
factor of 1,000 has been applied which incorporales uncertainty contributions for inter-species
extrapolation (10) and potentially sensitive human subpopulations (10}, plus an additional factor of
10 for uncertainty from potential severe endpoints (carcinogenicity). U.S. EPA has applied a
similar safety factor in establishing a long-term health advisory for drinking water when
preliminary evidence has suggested a carcinogenic effect from a chemical (Anonymous, 1988).

The adult human water consumption default value is 2 L/day.

Therefore,

C = 49 mg/kp-day x 70 kg x 0.2
1,000 x 2 L/day

0343 mg/L = 0.3 mg/L (rounded) = 300 ppb. |

Based on this calculation, OEHHA proposes a PHG of 0.3 mg/L (300 ppb) for ethylbenzene in
drinking water. :

RISK CHARACTERIZATION

There are a number of areas of uncerainty in regard to the development of the PHG for
ethylbenzene in drinking water including route-to-route dose extrapolation (see discussion above),
as well as the general toxicological concerns regarding extrapolation to humans of data from
experimental animals which are acknowledged in the use of uncertainty factors. In addition, for
volatile chemicals such as ethylbenzene exposures through food are unlikely, so the relative source
contribution from water could perhaps be set higher than the default value of 0.2. However, net
exposures to elhylbenzene in water could also be higher than estimated using the defauit 2 L/day of
water consumption because of inhalation of the solvent vapors during showering and other
household activities. The magnitude of these factors has not been estimated for ethylbenzene. It
has been assumed (hat the factors would tend to offset each other (e.g., RSC = 40%, drinking
water equivalent = 4 L/day), so the defaulls have been retained for this calculation.

Several subpopulations in the general population who may be especially sensitive to the
noncarcinogenic effects of ethylbenzene have been identified (HSDB, 1997). They include:
individuals whose pulmonary function may be impaired (obstructive airway disease) and
individuals with existing skin, liver, kidney, nervous system, blood and hematopoietic, ovulation
and or menstrual disorders. The pulmonary and skin disorders are relevant for inhalation and
dermal exposures, while the other disorders may be relevant for effects from drinking water
exposure, No special sensitivity of infants and children has been noted for ethylbenzene. It is
considered that the UF of 10-fold to account for human variability plus another 10-fold for
uncertainty about a possible severe endpoint {cancer) should be adequate to protect potentially
sensilive subpopulations. No evidence of synergy with other chemicals in the toxicity of
ethylbenzene was found in the literature,

Ethylbenzene in Drinking Water 15 December 1997
Califernia Public Health Goal (PHG)

123



OTHER STANDARDS AND REGULATORY LEVELS

U.S. EPA has established a Maximum Contaminant Level Goal (MCLG) and a Maximum
Contaminant Level (MCL) of 0.7 mg/L for ethylbenzene which U.S. EPA concluded would protect
against the potential health problems identified in its report and is “the lowest level to which water
systems can reasonably be required to remove this contarninant should it occur in drinking water”
(U.S. EPA, 1991b; U.S. EPA, 1991¢). This value was based on histopathological changes
observed in a six-month rat study yielding a Drinking Water Equivalent Level (DWEL) of 3.4
mg/L assuming a drinking water contribution of 20%. U.S. EPA slated that the DWEL for
ethylbenzene is “a lifetime exposure concentration protective of adverse, non-cancer health effects,
that assumes all of the exposure to a contaminant is from a drinking water source.” (U.S. EPA,
1996). The availability of new data regarding the chronic toxicity of ethylbenzene (NTP, 1996)
since U.S. EPA’s evaluation is the source of the departure from this value with OEHHA’s
proposed PHG. The current California MCL is also 0.7 mg/L (700 ppb).

U.S. EPA also established an ambient water quality criterion of 1.4 mg/L for ethylbenzene ingested
through water and contaminated aqualic organisms and an ambient water quality criterion of 3.28
mg/L for ethylbenzene ingested through contaminated aquatic organisms alone (U.S. EPA, 1980).

The Occupational Safety and Health Administration (OSHA) established a workplace exposure
standard of 100 ppm ethylbenzene in air for an eight-hour workday. The American Congress of
Governmental Industrial Hygienists (ACGIH) has established a threshold limit value of 100 ppm
and a short-term exposure limit of 125 ppm in air.

Various states have set guidelines for drinking water concentrations and acceptable ambient air
concentrations. These are shown in Tables 4 and 5 (HSDB, 1997, ATSDR, 1990).

Table 4. State Drinking Water Guidelines

State Drinking Water Guideline
Arizona 680 ppb

California 680 ppb

Ilinois 1 ppb

Kansas 680 ppb

Maine 700 ppb

Minnesota 680 ppb

New Mexico 750 ppb

Rhode Island 680 ppb

Vermont 1,400 ppb

Wisconsin 700 ppb
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Table 3. State Ambient Air Guidelines

State Ambient Air Guideline

Connecticut 8,700 pg/m* (8 hours)

Massachusetts 118 pg/m? (24 hours)

Nevada 10,357pug/m’ (8 hours)

New York 1,450 pg/m’ (1 year)

North Dakota 4,350 pg/m’ (8 hours)

South Carolina 4,350 pg/m’ (24 hours)

Virginia 7,250 pug/m’® (24 hours)
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The objectives of the present study were: (1) lo develop a risk
assessment methodology for chemical mixtures that accounts for
pharmacekinetic interactions among components, and (2) lo apply
this methodology (o assess the health risk associated with occu-
pational inhalation exposure to mirborme mixtures of dichlo-
remethane, benzene, toluenc, ethylbenzene, and nr-xylene. The
basis of the proposed risk assessment methodology relates to the
characterization of (he change in tissue dose metrics {e.g., area
under the concentration-time curve for parent chemical in tissues
[AUC,,..], maximal concentration of parent chemical or metabo-
lile {C..,.]. quantity metabolized over a period of time) in humans,
during mixed exposures using PBPK models, For systemic toxi-
cants, an interaction-based hazard index was calculated using data
on tissue dose of mixture constituents. Initially, the AUC, . onae
(AUC,,) comresponding to guideline values (e.g., threshold limit
value [TLV]) of individual chemicals were obtained. Then, the
AUC, for each chemical during mixed exposure was oblained
using a mixture PBPK model that accounted for the binary and
higher order, interactions occurring within the mixture. An inter-
action-based hazard index was then calculated for each toxic effect
by summing the ratio of AUC,, oblained during mixed exposure
(predefined mixture} and single exposure (TLV). For the carcino-
genic constituenis of the mixture, an interaction-based response
additivity approach was applied. This method consisted of adding
the cancer risk [or each constituent, calculated as the product of
0% erndme and AUC,. The AUC,, during mixture exposures was
obtained using an interaction-based PBPK smodel. The approaches
developed in the present study permit, for the first time, (he
consideration of the impact of multichemical pharmacokinetic
interactions at a quantitative level in mixture risk assessments.

Key Words: mixiures; PBPK modcling; risk assessment; VOCs;
pharmacokinetic interactions; hazard index,

Single chemical exposure is an exception rather than the rule
in the general and occupalional environmenis. The currently
used default mixture risk assessment methodologies do not
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Ste-Catherine Burcau 4105, Montrénl, Québee H3T LAE, Canada. Fax: (514)
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lake into account the consequences of polential inleraclions
occurring between components (U.S. EPA, 1986). The occur-
rence of pharmacokinctic and pharmacodynamic interaclions
can resull in lower toxicity (antagonism) or greater loxicily
(syncrgism) of mixtures than would be expecled bascd on the
knowledge of the potency and dosc of the constituents (Cala-
brese, 1991}, Whereas a mechanistic risk assessment frame-
work for single chemical exposure is fairly well developed
(Andersen er af., 1987), such a framework for characteriz-
ing health risk associated with mixfure exposure is stilf in
development,

Recent advances in physiologically based pharmacokinetic
(PBPK) madeling have demonstraled the feasibility of predict-
ing the change in tissuc dosc of the components of complex
mixturcs, due te mulliple pharmacokinetic interactions occur-
ring among the constituenls {Haddad ef al., 1999a, 2000b;
Tardif er af., 1997). In this modcling framcwork, information
on the pharmacokinetic interactions at the binary level alone
are sufficient to predict the magnitude of the interactions oc-
curring in mixtures of greater complexity.

The use of such mixture PBPK models, along with the
currently used dose addition and response addition approaches
should facilitate ihe consideration of the consequences of
pharmacokinetic inieractions for a scientifically sound charac-
lerization of risk associated with mixture exposures. The ob-
jectives of the present study were: (I) to develop a pharmaco-
kinctic interaction-bnsed risk asscssment methodology for
mixtures conlaining syslemic toxicants and/or carcinogens, and
(2) to apply this methodology to assess the health risk associ-
aled with occupational inhalation exposure to mixtures of five
volatile organic chemicals (VOCs): dichloromethane, benzene,
toluene, cthylbenzene, and m-xylene.

METHOQDS

Pharmacehinetlc inferacnion-based risk assessment of mixtures af sys-
femic (oxicamts, The dosc addition or the hnzard index (HI} approach is
currently used lo characierize the risk associoled with exposure to nencarci-
nogenic chemical mixteres (ACGIH, 199%; USEPA, 1986). In this appraach,
he doses of lhe mixture compenenis arc standardized using heolth-based
values (c.g., occeptable daily intake [ADI]. reference dose [RID], threshold
limit volues [TLVs]) and are summed ns ToMlaws:
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_ : exposure dase,
R = _Zlheallh based valuc, m

where i relers to individual mixture components and # is the number of
camponenis in the mixture (Mumitaz and Hertzberg, 1993; Mumtaz et al.,
1993; U.S. EPA, 1986),

This ppproach has been recommended rnd applied approprintely for cam-
ponents thot induce the same toxic cflect by identical mechanism of actien. In
cases where the mixture components nct by dilferent mechanisms or afTecl
different targel organs, a separate HI calculotion is performed for each end
point of ¢oncern. This mpproach lacks 2 imporient notions thal should be
considered in mechanistic mixture risk asscssment: (1) tissue dosimetry of
toxic moicty, and (2) possible pharmocakinetic interactions. The deneminatar
and numerator of Equntion | con be transformed Lo reflect lissue dose measures
(hal enn in wm be chlained vsing PBPK modcels. The resulling equation is
simiilor to that proposed by Haddad ef »f. (1999b) for calculeting biological
hazard indices or use in biological moniloring of worker exposure 1o conlam-
jnont mixtures at workplaces. Accerdingly, the interaction-based HI for sys-
lemic txicont mixtures, based on tissue doses, ¢an be calculated as follows:

o TM,
Hl somcimimns = 2 T 2

il

where TR, is the Lissue dose estimaled by PBIPK models for human exposure
to puideline values of individual mixture eonslituents, and TM, relers to the
tissue dose of each mixture constituent dvring humen exposure (¢ mixtures as
pravided by PBPK madels. The TM, can be oblained with mixlure PEPE
models that account for multiple pharmacokinetic interoclions occurming
omong the mixluce constinuents (Haddad ef of., 199%0; Toedif er af., 1997),

Pharmacokineric Interaction-based risk assessment of mivtares af carciu-
aggens.  ACGIH {1999) nddresses neither the methodological issues related 1o
(he cancer risk assessment of chemical mixtures nor uses of quantittive
approaches for the risk ossessment of earcinogens. However, the current state
of knowledge diciales that the risk nssessment of carcinogenic chemical
mixtures be conducted per response addiivity approach, which involves the
summalion of excess risk atiributed lo cach carcinegenic mixture consliteent
{U.S. EPA, 1986);

CRM = z {Exposure dosc, X q*) (3)

where CRM is the carcinogenic risk related 10 mixture exposure, end g*, is the
carcinogenic polential of chumical 7 expressed ns risk per unit dose,

Like lhe dose oddilion approach, the currently used response addilion
epprogch neither considers the information on targel tissue dose of mixmre
constiluents nor accounts for polential interactions occurming al the pharma-
cokinetic level, Andersen ef al. {1987} developed an npprooch 1o incorpormte
tissuc dosimetry inlo cancer risk assessment of individual chemicals using
PBPK modeling. Along those lines, the information on olicred lissue dose
simulated by mixiure PBPK models can be used to account for pharmaceki-
nelic interaclions in the calculalion of CRM ns follows:

CRM = D' (TM, X %) &)

where q*,i is the tissue dose-bosed unit risk for cach carcinogen in the mixture.

The usc ol q*.i in Equation 4 enables us lo catculale the CRM Fam
knowledge of Lhe larget tissuc dosc of mixture components (TM,}, which can
vury due 1o pharmecokinetic inleractians, PBPK models for individual mixwre
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consliluents can be used for eslimating Q*,i, whereas the mixwre PHIK
models ore of use in estimating TM, by accounting for the interactions
OCCUITInG among mixture constituents.

Estimating targe tissue exposure.  Cquations 2 and 4 represent essentially
the preposed manner ol conducting inlcraclion-based risk assessment of ex-
posure 1o chemical mixtures, These 2 equations, corresponding 1o noncancer
and cancer risk assessments, require thot the estimale of TM, be obtained with
PBPK models for mixlure exposures. The cstimation of the rget Ussue dose
during individunl and mixed exposures, in fact, is the crucial step of Ihe
proposed risk assessment approach. The appropriate lissue dose melric (e.g.,
ared under the concentration-lime curve [AUC] for parent chemizal or metab-
olite, maximal concentralion [Cmax] of melabolile or parent chemical in
fissues, amounl metabolized over a period of Llime, and average concenliration
ol metabolile in larget lissue) should be chosen based on the state of knowt-
cdge of the mechanism of toxicity of the mixwre constituents {e.g., Andersen
ef al,, 1987),

Tissue dose con be estimated from knowledge of external exposure or
administered dose, using PBPK models. These models can ndequaicly simulate
the uplake, dispasition, end tissuc dose of chemicals in variaus conditions (i.c.,
species, dose, scenario, and exposure rouse), because they are based on the
mechanisms that nccount for the biclogy and chemistry ef the orgonism, nnd
the cheracleristics of he chemical, During mixed exposures, the pharmacoki-
nelics ond lissue dose ol o chemical moy be modified in the presence of other
chemicals. When the mechanisms of inleractions are known or hypothesized,
it is possible, with PBPK models, 1o predicl the altered pharmacokinetics and
lissue dose of lhe components of o chemical misture, It has been done for
several binory mixiures (reviewed in Krishnan ond Brodeur, 1999; Simmons,
1995), and recently for more complex mixtures (Haddod ef aof. 199%n, 2000b;
Tordif et al. 19%7), The mcthodology involves linking binary interaclions
within o PBPK. mode] framewerk (Fig. 1) to simulale the kinetics ond tissue
dose of constituents of mixlures regardless of their complexiry (Hoddad ef af.,
2000b; Hoddad and Krishnen, 1998).

Interaction-based risk assessment of hypotheticel exposure to a chemically
defined miciure. The health risk ossessment for occupational inhalation
exposure to mixtures of dichloromethane (13), benzene {13), toluene {T), eth.
ylbenzene (E), and sr-xylene {(X) was performed by considering the pharma-
cokinetic intcructions among them, An interaclion-based mixture PBPK model
(Fig. 1) was used to simulate 1he internal dose of 3, B. T, E, and X in werkers
exposed to these chemicals alone or as o mixture. The struclure of the human
mode] used in this study was essenlially the same os the ra1 model developed
and validared for this mixiure by Hoddad er af, (2000b), This PEPK meel
describes the organism 13 n set of four compartments (liver, richly perfused
lissues, slowly perfused tissues, and adipase tissuee) interconnected by systemic
circulation. The tissue upioke of the mixilure components is described as o
perfusion-limited process. Melebolism of individual chemicals and metabelic
inteructions among them are deseribed al the level of liver. The model
simulaies the kineties of all mixture camponents by taking inle account the
metabolic and physicochemicnl characierisiics, os well as the consequence of
interactions among chemicals occurring ot varieus levels, The mixture PBPK
model of Elzddad ef af. {2000b) uniquely simulaies the kinetics of D, B, T, E,
ond X on the basis of the mechonisms of binary level inicractions and the
characterization of the intercennections among them,

The rmt medel for DBTEX mixture developed and validated by Haddad er af.
(2000b} was scaled e a human model by chunging the rat physiological {tissue
blood flow, alveolar ventilation rate, end cordise autpul) and physicochemical
(partilion cecfficicnts) paremelers o human values (Tobles | and 2) {Andersen
ef ai., 19%1). The biochemical peremeters (i.e,, inhibition constants, maximal
velocity for metebolism scaled to the body weight™ and Michaelis affinity
canstanl [K 1) were kepl species-invariant, except for the K., of D, which was
changed to the humon value specified by Andersen of af, (1991; sec Table 2).
The D submodel also coninined parmeters and equotions essentinl for simu-
loting the pereent carboxyhemoglobin in bleod Lhal resulted from D exposure
(Andersen er @f., 1991). The considerlion of the specics-invardant nawre of
metbolic inleraclion constonis wos based on the previous ohservalions of a
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Conceplual representation ef a physiologically based pharmacakinelic model for o mixture of VOCs (dichloromethane [D], benzene [B], toluene [T],

cthylbenzene {E], and m-xylene [X]). Phurmacokinetic inlcractions between the components of Lhis mixture occur at the level of hepatic melabelism. Ci nnd Cexh
refer 10 inhaled ond exhaled chemical concentrations. Cv and Ca refer to venous and arterial blead concentrations, Cvi and Qi reler to venous blood concentrations
leoving tissue compariments and blood flow to tissues (i.c., I adipose lissue, s: slowly perfused 1issucs, r: richly perfused lissues, and I: liver). Ki, is the constant
describing compelitive inhibition of the melabolism of chemical 7 by chemical j. Vmax, K. and RAM refer 1o the maximal velocity of metabolism, Michagtis

aflinity conslant, and rale ol the nmount melabolized, respeciively,

mixiure PBPK modeling study (Tardil e af,, 1997) in which the ml-human
sxtropolation of the occurrence of interections among T, F, ond X wes
validated wilh experimental data,

The noncancer risk assessment for the DBTEX mixture was conducied by
coleulating the hazard index for 2 endpoints {cemiral nervous sysiem [CNS)
cfTects, hypoxin}. For this purpose, the AUC af carboxyhemaglobin in blood
and the AUC of D, B, T, E, end X in parcntal form in the richly perfused rissue
comporiment {i.c., broin) were simulated using the individual chemical end
mixture PBPK models. The chaice of dose melrics reflectls our working
hypothesis of the mode of action of these chemicels. The exposure scenarios
simulated with the PBPK modcls corresponded to an 8-h inhalalion exposure

and a 24.h simulation period. For calculating HI sarets the AUC, of
D, B, T, E, and X were estimated for their exposure guidelines {TLYs) and for
various exposure conceniration combinations af these chemicals in mixtures.
The various combinations represent hypothetical cases of warker exposure and
they were chosen te reflect siluations where the conveniional ond interaction-
based assessments ere likely to yield similar, or very different, results. For
performing interaction-based cancer risk assessnicnt for this mixiure, change in
the risk level due to mixlure exposure was estimated by intcgrating the
concentration of G5H conjugate formed from D over 24 h and by calculaling
the towe) amount of benzene metabeliles in liver durng mixture exposures
(Andersen of al., 1987, Cox and Ricci, 1992). Since Equelion 4 represents a
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TABLE 1
Human Physiological Parameters Used in (his Study

Parameters Values

Alveolnr yentilation rate (I/hvkg) 13
Cardiac outpul (Ifh/kg) 18
Blood flow raic {fmction of cardiac cutput}

Fat 0.05

Slowly perlused lissues 0.25

Richly perfused tissues 0.44

Liver 0.26
Valume {fruction of body weight)”

Fat 019

Slowly perfused tissces 0.62

Richly perfused tissucs 0,05

Liver 0.026

Note. Paramelers (rom Tardif er of. (1997).
“For carboxyhemoglobin estimation: blood volume wes set equal 1o 6% of
body weight (Andersen ef al, 1991).

linear model, the carcinogente risk is essentially proportianal to the change ia
tissue dose meiric of B und D during mixed exposures, paricularly al Jow
doscs. Thercfore, the ratios of tissue dose metric during mixed and single
exposures 1o T and B were celeulated 1o indicale the change in risk level
during mixed exposures. Culculations af HI and CRM, according to Lhe
conventional epproach (i.c., without the considerntion of the possible occur-
rence of melabalic interactions) were also performed lor compirison purposes,

RESULTS

Systemic Risk Assessment for DBTEX Mixtures

The canvenlional and interaclion-based hazard indices for CNS
effects and hypoxia for various DBTEX mixtures are presented in
Tables 3 and 4. The conventional HI calculations for CNS effects
were done using the exposure concentrations of D, T, E, and X,
whereas such calculations for hypoxia were donc using the expo-
sure concentrations of D. Examining the data for CNS effect, il
can be noticed that at high concentrations the HI values, calculated
with the consideration of interactlions, arc grealer than those ob-
tained according lo the dose-addition approach that did not ac-
count for the occummence of interactions (Table 3). At lower
exposure concentrations of DBTEX in mixures, the difference
between the conventional and inicraclion-based HI is smaller,

The interaction-based eslimale of HI for hypoxie, however,
was lower than (hat calculated without consideration of the
occurrcnce of interactions at high exposurc concentrations
(Table 4). The presence of compelitive inhibitors such as the T,
E, B, and X reduces the rate of D metabolism by P450,
resulting in a diminulion of the formation of carboxyhemeglo-
bin. As scen in Table 4, the greater the relalive concentration
of the inhibitors, the greater Lhe discrepancy between the
convenlional and interaction-based HI,

Cancer Risk Assessment for DBTEX Mixfures.

According to Lhe methodotogy used in the present study, the
relative change in cancer risk associated with D and B during

HADDAD ET AL.

mixture exposures is a direct consequence of the change in
their tissue dose metrics. The change in risk level during
mixture expasurcs compared to single chemical exposures, as
calculated using PBPK model-simulated changes in the tissue
doses of D and B, is shown in Table 5. In the case of D, the
GSH conjugale is the relevant dose surrogate (Andersen ef al.,
1991). In the presence of compelitive inhibitors (i.e., BTEX) of
P450 metabolism of D, the flux of D through the GSH conju-
gation pathway increases, (hus conlributing lo a grealer- risk
level during mixed than during single exposures. For the mix-
ture exposurc scenarios considered im the present study, the
cancer risk attributed to D could increase by up 1o & factor of
4 compared lo single chemical exposure situations (Table 5).
The cancer risk atiributed to B exposure, however, would
decrease during mixed exposures compared lo single chemical
exposures, since the rate of formation of oxidative metabolites
from B is reduced during concurrenl exposure (o DTEX (Table
5). The simulation results presented in Table 5 indicale that the
relalive cancer risk due to B in DBTEX mixtures approaches
unity (i.c., close to the absolute risk level associated with a
single exposure o B) as the concentration of DTEX in the
mixiure decreases,

DISCUSSION

The occupational and environmental health risk assessments
of chemical mixtures do nol account for the quantitative impact
of possible inleractions among mixture components, which

TABLE 2
Physicochemical and Biochemical Paramelers for PBPK
Modeling of Dichloromethane (D), Benzene (B), Teoluene (1),
Eihylhenzene (E), and m-Xylene (X)

Paramelers D B T E X
Blood:air 8.94 74 15.6 8.0 264
FaLair I 406 1021.0 1556.0 18580
SPT:gir 7.2 15 27.7 26,0 41,9
RPT:nir 13.1 11 836 60.3 90.9
Liver:air 13.1 11 B3i.6 8.8 909
Vane (mehike) 6,25 2.1 3.44 6.19 6.49
Ko (mg/) 0,75 0.10 0.13 1.04 0.45
Ki (mg/)

aD — 0.08 0.16 0.11 0,32

ab 0.30 e 0.14 0.26 0.22

aT 0.35 0.22 — 817 033

af 090 0.63 0.95 — 1.67

aX 0.45 0.33 0.36 0.5t 035
Kr{h' X kg™ 2.0 — —_ —

Note. Parameters from Travis ef of. {1988), Andersen e af. (1991), Tardif ef
af. (1997), ond Haddad ef a!. (19990; 2000b). KE, frst order constant for GSH
conjugalion; 5171, slowly perfuscd (issues; RPT, richly perfused rissues; Ki,
inhibilion constant; @, inhibilor acting on the subsimie™s metlabolism; V...
body surfece-normnlized meximal velocity of metbolism; K., Michaelis-
Menten affinity constant.
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TABLE 3
Comparison of Interaction-Based and Conventional Hazard Index (HI) for Central Nervous System Effect Calculated
for Dilfercnt Mixtures of Dichloromethane (D}, Benzene (B}, Toluene (T), Ethylbenzene (E), and m-Xylene (X)

Exposure concentration (ppm) AUCer, mg/ X h HI
D R T E X D T E X Intermclion-based” Conventional*
50 0.5 50 100 100 139 4.4 64.0 94.4 6.8 4.0
25 0.5 25 50 50 5599 21.0 24.6 iz 27 20
]3] a.5 16 i3 33 3.36 11.3 14.1 19.5 1.5 1.3
12.5 0.5 i2.5 25 15 241 8.06 10.1 13.6 1.1 10
10 a5 5 a0 D M 335 16,5 111 0.94 0.50
20 0.5 10 1] 10 332 577 3.79 498 .52 0.8D
10 0.5 10 10 10 1.62 5.64 i q.85 0.58 0.60

Nore. Exposure scenario: 8 h inhalalion per day, simulation period: 24 b, AUC,~, mg/l X b, arca under the parent chemical concentralion-time curve (richly

perfitsed issues).

“Cnlcutated as the sum of the ratio of the exposure concentration to the TLVs of D (50 ppm). T (50 ppm). E (100 ppm), ond X (100 ppm).
*Caleulated as the sum of the ralio of the AUC,s; determined during mixture exposure 1o thot ossociuted wilh single exposure Lo the TLY of D (7,39 mg/l X

hy, T (28.6 mg X h), E (46.5 mgAl X k), and X (57.3 mgA X h).

may vary as a function of dosc and cxposurc scepario in
animals and humans. Depending on the relative and absclute
concentrations of the chemicals present in the mixture, they
may result in interactions that cause departure from additivity.
Interaclions may be phermacokinetic or pharmacodynamic in
nature. The pharmacokinetic interactions result in a change in
tissue dose of chemicals during mixture exposures compared 1o
single cxposures, and represent the most common type of
interaction observed and reporied in the lilerature (reviewed in
Krishnan and- Brodeur, 1991, 1994). The rclative change in
tissue dose of chemicals duc to pharmacokinetic interactions
during mixture exposures depends on the relalive concentra-
tions of components and the mechanism(s) of inleractions.
PBPK models are unique tools that facilitate the consideration
of interaction mechanisms al the binary level lo simulate the

change in tissue dose of chemicals present in complex mix-
tures. The present study, for the first time, demonstrates the use
of PBPK modecls in quantifying the change in the tissue dose
meirics of chemicals during mixture exposures and in improv-
ing the mechanistic basis of mixture risk assessment. The
application of PBPK modcls in mixture risk assessment has
been demonstraled in this study using DBTEX mixture, for
which an interaction-based PBPK model has recently becn
devcloped and validated {Haddad et al., 2000b).

According to the proposed approach, it is possible that
Hl, canomsmeg €xcceds 1 while the conventional HI value is less
than wnily, or vice versa. The interaction-based HI values
developed in the present study are more relevant than the
convenlional HI because internal concentrations of the toxic
entities (and not external exposurc concentrations) are used for

TABLE 4
Comparison of Interaction-Based and Conventional Hazard Index (HT} for Hypoxia Calculated for Different Mixtures
of Dichloremethane (D), Benzene (B}, Toluene (T), Ethylbenzene (E} and mr-Xylene (X)

Exposure cancentration {ppm)

HI

D B T E X AUCma i (% X W) Interaction-based” Conventionat*
50 0.5 50 100 1860 8386 0.29 1.00
25 0.5 a5 56 50 7.66 0.25 0,50
1] 0.5 16 11 13 .50 0,21 0.]2.
12.5- 0.5 12.5 25 25 5.80 0.19 0,25
1a 0.5 5 40 24 4.26 .14 0.20
20 0.5 - 10 10 10 11.1 0.37 0.40
14 0.5 G 10 10 5.69 019 0.20

Mate. Exposure scenario: 8-h inhalation per day, simulation period: 24 h. Arca under the carboxyhemoglubin concentration-lime curve associaled with D
exposure, caleulaled by subtrucling the background AUC onn ;4 value (36,87 % X h),

“*Celculaicd os the ratio of AUCcqm 5. associnted with exposure 10 D in mixwmres, o that associated with single exposure to TLV of D (30.3 % X h}.

*Caleualaled as the ratin of the exposure concentration of D 1o ils TLV (50 ppm),
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TABLE 35
Effect of Pharmacokinetic Interactions on the Cancer Risk Level Associaled with Dichloromethane (D) and Benzene (B)
Present in Mixtures along with Toluene (T), Ethylbenzene (E), and m-Xylene (X)

Change in
Exposurc concenlration (ppm) A s (M1 X by A (m)" CONCEr risk”

D B T H X Mixture D single Mixture B single D B
50 0.5 50 1940 100 110 26,2 1.1% 314 4.20 038
25 0.5 25 50 50 42.9 10.9 1,93 34 399 0.61
16 0.5 16 KX} a3 214 6.53 2.539 314 3,28 .76
12.5 0.5 12.5 25 215 13.9 4.98 2.61 3l4 279 0.83
to 05 5 40 2 126 1% 2.57 3.14 i 082
0 0.5 10 10 10 15.2 8.3 2.87 314 1.8¢ 091
1o 0.5 10 10 10 746 352 29) 314 1.50 4.93

Note. Exposure scennrzo: 8-h inhalolien per day, simulation period: 24 h.

“Integruled nmount of D conjugated with GSH per lissue volume over 24 h.

*Amount metabolized during 24 h.

“Calculaled as the ratio of the tissue dose metric for mixed exposure 1o thal for single exposures,

the calculation. The computed Hl i ion b Will not always be
difTerent from the conventional HI because ils magnitude de-
pends on the relative concentrations of all mixture constituents
and the quantilative nature of the interaction mechanisms as
included in the PBPK models. When both the HI,vqonpaes and
conventional HI values exceed 1, the interpretation should be
limiled to a qualitative indication of health risk being associ-
ated with exposure to the given chemical mixture. The differ-
ence in numerical values oblained, once Lhey are above |,
should net be interpreted in quantitative risk terms. This is
consislent with the current practice of risk assessment for
systemic Loxicants, either present individually or as mixtures.

The interaction-based PBPK model facilitates the prediction of
the change in tissue dose of the toxic moiety of chemicals during
mixture exposures to assess the cancer risk for chemieal mixtures.
In this approach, the potency of the mixlure constituents does not
change benween single and mixture exposures, but it is the tissuc
dose that changes according to the inleraction mechanism and the
exposure concenlration of inleracting chemicals. The proposed
. approach then improves upon the currently used response-addi-
tion methodology by facililating the incorporation of data on the
tissue dose of chemicals in mixtures (instead of their extemal
concentralion), and by accounling for the extent of their modula-
lion due to interaclions during mixed exposures. During coexpo-
sures to chemicals thatl interact at the metabolic level, the tissuc
dose and associated cancer risk of mixture constituents may either
be decreased or increased (compared to single exposurcs) as
exemplified in this study. The magnilude and direction of the
change in rissue dose during mixed exposures depend on the
mechanism of pharmacokinetic interaclions (c.g., metabolic inhi-
bilion or enzymatic induclion) and the identity of the putative
loxic moiety {c.g., parent chemical, metabolite).

The present study applied the validated rodent PBPK meodel
to characlerize the cancer and noncancer risk associated with

occupational exposure to the DBTEX mixture of varying com-
positions by accounting for the change in tissue dose due 1o
meiabolic interactions. The simulated changes in tissue dose
and risk levels for occupational mixture exposures do not
necessarily reflect those that are expected in environmental
exposure situations. While comparing the occupational and
environmental exposure lo mixtures, the inleraction mecha-
nisms are likely te remain the same in both siteations, whercas
the concentrations of the inhibitors differ markedly. With de-
creasing blood concentrations of the inhibitors, their effect on
the melabolism of other mixture components becomes smaller
and smaller. Using the mixture PBPK model developed in the
currenl study, a ihreshold of interactions in multichemical
mixtures can be established following the simulation of the
exposure level impact on the magnitude of inicractions. Such
studies should facilitate a betler understanding of Lhe relative
imporiance and relevance of specific interactions and interac-
tion mechanisms in eccupalional and environmental exposure
situalions,

Even though the mixture model used in the present study
accounted for the occurrence of metabolic inhibition as the
interaction mechanistn (Haddad er a/. 2000b), induction of
metabolism may occur during repeated cxposurc scenarios,
complicating the PBPK model calculation of the magnitude of
nel change in lissue dose during mixed cxposures. However,
experimenlal siudies have shown the absence of induction
effects on D, B, T, E, and X during repealed exposures
(Haddad er al., 2000a). Therefore, the assessment presented in
this paper, based on the consideration of the inhibition mech-
anism, is likely to describe adequalely the pharmacokinetic
interactions occurring in the DBTEX mixture and ensuing
changes in tissue dosc of the mixture constituents. The possible
impact of pharmacodynamic inleraclions on the mixture risk
was not evaluated in the present study, bul it can be performed
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if quantitative mechanistic data on binary level interactions are
available/gencrated, Overall, the modeling and risk assessment
frameworks outlined in this study should be amenable 1o the
usc of data on other mechanisms of intcractions, .toxic end-
points, and dose-response relationships, if intended and if the
requircd data are available,

An advanlage of the PBPK model-based risk assessmeni
methodology developed in this study is that the combinations
of exposurc concentrations of individual chemicals that will
not deviale significantly from the conventional HI (ie., < 1) or
the CRM (i.e,, < 1 X 107®) can be determined by iterative
simulation. The proposed approach should then be useful from
health protection and prevention perspectives, particularly
where there is a possibility of pharmacokinetic interactions
among chemicals present as mixtures in the occupational
environmenl.
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We examined the redox properties of the "carclnogenic” catechol and the “nencarcinogenic”
hydrequinone in relatlon to different DNA damaging activities and carcinogenicity using *2P-
labeled DNA fragments obtained from the human genes. In the presence of endogenous NADH
and CuZ*, catechol induces stronger DNA damage than hydroquinone, although the magnitudes
of thelr DNA damaging activities were reversed in the absence of NADH. In both cases, DNA
damage resulted from hase modification at guanine and thymine residues in addition to strand
breakage induced by Cu* and Hz0;, generared during the oxidation of catechol and hydro-
quinene into 1,2-benzaquinene and |.4-benzoquinone, respectively. EPR and 'H NMR studies
indlcated that 1.2-benzoquinone Is converted directly Inta catechol through a nonenzymatic
two-electron reduction by NADH whereas 1,4-benzoquinone is reduced into hydroguinone
through a semiquinone radical intermediate through two cycles of one-electron reduction. The
reduction of 1,2-benzoquinone by NADH proceeds more rapidly than that of 1,4-benzoquinone.
This study demonstrates that the rapid 1,2-benzoquinone two-electren reduction accelerates
the redox reactlon turnover between catechol and 1,2-benzoquinone, resulting in the enhance-
ment of DNA damage. These results suggest that the dilferences in NADH-mediated redox

properties of catechol and hydrequinone contribute to their different carcinogenicltles.

Introduction

Quinones shulffle eleclrons enzymatlcally {/—6) or
nonenzymatleally (/-3 7-11) among their reduced
forms, oxidized forms, and/or their semiquinone radicals
to construct redox cycles. The toxlclty of quinenes resulls
from the formation of reactlve oxygen species, [ncluding
superoxide (0z*7).! hydrogen peroxlde (H;0;), and ulti-
mately the hydroxyl radical (OH?) (/~3, during these
redox processes. Reactive oxygen specles, Implicated in
the pathogenesis of cancer, are produced from hydro-
quinone (1,4-BQH_, 1.4-benzenedlol} (8, & and ixs deriva-
tives, dichlorohydroquinone (¢}, tetrachlorohydroquin-
one (), and phenylhydroquinone (/3. durlng autoxi-
dation into the corresponding benzoqulnones (1,4-BQ and
its derfvatives) to induce oxidative DNA damage. These
experiments suggest that the carcinogenicity of quinones
arises [rom Lhe redox reactlons mediated by metal lon
and NADH.

Catechol (1.2-BQH;: 1,2-benzenediol), a reduced lform
of 1.2-benzoquinone (},2-BQ). accurs in [oods and ciga-

* To whom correspondence should be addressed, E-mall: kawants!@
doc.medlc.mie-u.ac)p. Phone; -+81.59.231-5011. Fax: +81-59-231-
3011.

' Radiolsotope Cemer, Mie University Schoel of Med|cine.

' Department of Hyglene, Mle Unlversity School of Medlcine.

§ Department of Hyglene, Akita Unlversity School of Mediclne,

1 Ahbrevlations: gz". superoxide anlon radical; HxC;. hydrogen
puroxide; OH*, free hydroxy] radical: 1,4-BQH3, hydroguinane: 1,4-BQ,
1. 4-benzoquinene; 1,2-BQH;, catechol: 1.2-BQ, 1,2-benzoquinone; JARC,
Internatlonal Agency flor Research on Cancer; UV—vis, UV—visible
absorption spectrum; DTPA, diethylencidamine- AV AV, AN N -pen-
Laacelle acld; SOD, superoxide dismutase; TMS, Letramethylsllane.

rette smoke (13). With the discovery that 1,2-BQH; is
carcinogenic in rodents (/4—21), the IARC (International
Agency for Research an Cancer) has evalualed that 1,2-
BQH: is possibly carcinogenlc to humans (/3. The
carcinogenlclty of 1,2-BQH; Is thought to result from
DNA damage Induced by reactive axygen species (22).
The isomer 1,4-BQH;, however, has not been evaluated
as a carclnogen. even though 1,4-BQH; 1s known to
induce DNA damage (§ & and mutatlons (23. The
difference between the carcinogenle polentials of 1,2-
BQH; and 1,4-BQH; may be determined by the redox
properties of 1,2-BQH,/1,.2-BQ and 1,4-BQH/1,4-BQ In
corjunction with endogenous NADH and metal ions.

In this paper, we investlgate the mechanlsm and site
specllicity of DNA damage induced by 1,2-BQH,. 1.4-
BQH;, 1.2-BQ. and 1,4-BQ using %P-labeled DNA [rag-
ments obtained from human genes. We examlIned redox
properties of these isomers by EPR, 'H NMR, and
measurement of UV—vis. These experiments revealed
dilferent redox properties responsible for distinct DNA
damagling actlvitles.

Experimental Procedures

Materlals. The restriction enzymes (Aval and Pstl) and Ty
pelynucleotlde kinase were purchased from New England Bl-
olabs. [y-2P]ATP (222 TBg/mmol) was oblained from DuPont’
New England Nuclear. Dlethylenetriamine- NN,V N N'-pen-
Laacetle acid (DTPA) and bathocuproinedlsulfonic acld were
purchased frem Dojin Chemical Co. {(Kumamoto. Japan). Su-
perakide dismutase (SOD, 3000 units/mg [ram bovine eryilico-

10.1021/ix010t21s CCC: $22.00 @ 2002 Amerlcan Chemical Soclety
FPublished on Web 12/15/2001)
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cytes}) and catalase (45 000 unlis/img from bovine liver) were
obtalned fram Sigma Chemical Co. 1,2-BQH;, 1,.4-BQH;. and
1,4-BQ were procured from Wako Pure Chemlcal Ind. Copper
chloride (CuCla-2H0) and NADH were purchased from Nacalal
Tesque. Inc. {Kyoto, Japan). 1,2-BQ was synthesized fram 1.2-
BQH2 thraugh oxIdatlon by ceric sulfate (WAKQ Pure Chemical
Ind.} and then confirmed by 'H NMR and UV—VIs absorptien
spectrum as previously described {24, 25). The 'H NMR (CDC1,,
wetramethylsllane {TMS)) spectrum gave § 6.42 (2H, -y =2
Hz, Jy-n = 4.2 Hx, Jy-p = 1.5 Hz, 3,6-H), 7.05 (2H, g1 = (2
Hz, Ju-n = 4.2 Hz, At = 1.5 Hz, 4,5-H). UV¥—vis absarptlon
at Ao = 379 nm was used to determlne the concentratlon of
1,2-BQ according to Its molar absorpilon coefliclent {¢ = 1700
M~1 cm~! at 4, in chloroform) (26).

Detection of DNA Damage Using ¥%P.Labeled DNA
Fragments, DNA [ragments were prepared from the pheNI
plasmid, which contalns a 6.6-kb BamHI chromosomal DNA
segment with the human ¢-Ha-ras-1 protoencogene (27). Singly
labeled 34 1-bp (Xbal 1906—Aval® 2246), 261-bp (Aval® 1645—
Xbal 1905), and 337-bp fragments (FsiT 2315- Aval* 2681) were
obtained prevlously described (27, 28). The asterlsk lndicates
32P-labellng. Nucleatlde numbering begins at the BamH| site
(25).

The standard reactlon mixture (1.5-mL Eppendor]) contalned
the 2P-labeled DNA fragments, quinenes, sonicated calf thymus
DPNA (10 aM/base), and CuCl; In 200 gL of 1 mM sadlum
phosphate buffer (pH 7.8) containing 5 M DTPA In a microtube.
After a 60 min Incubatlon at 37 °C, Lthe DNA fragments were

heated for 20 min at 90 °C in 1 M piperldine where Indicated.

then treated as prevlously descrlbed (28).

Preferred cleavage sites were determlned by a dlrect com-
parison of Lhe chemlcal reactlon products of the Maxam—Gllbert
pracedure (38 using a DNA sequencing system (LKB 2010
Macrophor) with the positlons af the ollgonucleatldes uuillzed.
A laser densitometer {LLKB 2222 UltroScan XL) measured the
relatlve quantitles of Lhe relatlve amounts of ollgonucleotldes
[rom the treated DNA fragments.

Spectroscopic Measurements. 'H NMR spectra were
performed on a JNM-A 500 (500 MHz) FT-NMR spectrometer
(JEOL} Ln chloroform-d (Aldrich). The chemlcal shifis of *H were
measured In 4 (ppm) units relauve to a TMS internal standard.
Absorption spectra were obtalned on a Shimadzu UV-2500PC
spectrophotometer. EPR spectra using a JES-FE-3XG spectrom-
eter (JEOL) with 100 kHz [ield modulatlon detect the [ree
radlcals derlved rom 1,2-BQH;. 1.4-BQHa. and thelr oxldized
products, The spectra were recorded utllizing a microwave
power of 4 mW and a madulation amplitude of 10 G.

Measuremont of O Generatlon. The quantity of Gy~
generated by the reactlons of 1.2-BQH: and |, 4-BQHz with Cu?+
was determined by cytechrome ¢ reduction. The reactlon milx-
Lure. centaining 50 #M ferricytochrome ¢, 20 sM 1,2-BQH; or
1.4-BQHz, 20 #M Cu?*, and 5 xM DTPA In 1.2 mL ol 1T mM
sodium phesphate buffer {pH 7.8) with and wlthaut SOD (150
units/mL), was Incubated at 37 °C. We recorded the absorptlon
at 5350 nm {&¢ = 21 100 M~ em~1) at 2 min Intervals far 10 min
using a UV—Vis absorpllen spectrophotometer; the quantity of
reduced cytochreme ¢ was then calculated to determine total
generatfen of Oz,

Results

Damage to ?P-Labeled DNA Fragments. Autora-
diography of DNA cleavage induced by 1,2-BQH; and 1.4-
BQH; In the presence of Cu?* jon demonstrates that the
DNA damage induced by 1,4-BQH, was greater than that
induced by 1.2-BQH: (Figure 1). DNA damage was
enhanced by the additlon of NADH. When NADH was
added, however, the DNA damage induced by 1,2-BQH,
was much stronger than that induced by 1,4-BQH,, The
treatment of damaged DNA with piperidine significantly
enhanced DNA cleavage, suggesting that the DNA dam-
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Figure 1. Autoradiogram of *?P-labeled DNA fragments incu-
bated with 1.2-BQH; and 1,4-BQH;. Reactlon mixtures con-
tained the **P-5"-end-labeled 34 1-bp DNA iragment, 10 pM/base
sonicated calf thymus DNA, and 20 uM CuClz In 200 uL of 10
mM phosphate bufler (pH 7.8) and 5 uM DTPA with or withaut
100 xM NADH. Mixtures were lncubated for 60 min ac 37 °C.
The DNA fragments were then treated with 1 M piperidine for
20 min a1 90 °C and electraphoresed on an 8% polyacrylamide/8
M urea gel.

age resulted [rom base modification [n conjugatton with
strand breakage. In the absence of NADH, neither 1,2-
BQ and 1,4-BQ could induce DNA damage (data not
shown); upon addition of NADH. both 1,2-BQ and 1,4-
BQ could induce Cu?t-medlated DNA damage. The extent
of DNA damage Induced by 1,2-BQ exceeded that Induced
by 1,4-BQ {Figure 2, panels A and B},

Sice Specificity of DNA Damage. The DNA cleavage
patterns induced by these quinones were determined by
both the Maxam—Gllbert procedure {36) and scanning
autoradiography ulilizing a laser densitometer. Slmilar
DNA cleavage patterns were observed with 1,2-BQHg,
1.4-BQH;, 1,2-BQ plus NADH, and 1,4-BQ plus NADH,
suggesting that DNA damage is Induced in a similar
manner by all the qulnones. DNA cleavage was [re-
quently observed at guanine and thymine residues within
the DNA fragments ebtained {rom the human c-Ha-ras |
protooncogene (data not shown).

Reactive Species Causing DNA Damage. To Inves-
tigate the identlty of the reactlve specles Involved in DNA
damage, we evaluated the abillty of scavengers of reactlve
oxygen species and melal chelators to (nhiblt DNA
damage Induced by these quinones (Figure 3). The DNA
damage induced by 1,2-BQH; and |,4-BQH; was inhib-
ited by catalase and bathocuproine, a specific chelator
ol Cu*. Neither OH' scavengers, such as ethanol, man-
nitol, sadlum formate, and DMSQ, nor SOD could inhibit
this DNA damage, suggestlng the Induction of DNA
damage mediated cooperatlvely by H.0; and Cu*.

Generation of the Reactive Species for DNA
Damage. Cu* is generated by the reduction of Cu?* by
1.2-BQHz.2 Cu” ion produces Oz~ through its reaction
wiLh oxygen; this O;*" Is easily dismutated into H:0,, We
measured Op'~ generatlon using a cytachrome ¢ reduction
read-out {Figure 4). Cytochrome ¢ reductlon, mediated
by [.2-BQH; and 1,4-BQH; in the presence of Cu?t,
decreased alter treatment with SOD due Lo reduction of
available Qz*~ because of its dlsmutatlon into H;Q,. We
estimated the amount of Oz*~ generatlon from the dil-
lerence of cytochrome creductlon with and without SOD.
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Figure 2. Autoradlogram of Y2P-labeled DINA [ragments incu-
bated with quinones. The reactlan mixwure contalned the 32P.
5-end-labeled 261-bp DNA fragment, 10 guM/base sonicated calf
thymus DNA, the indlcated concentration of quinenes [(A) 1,2-
BQH; and 1,2-BQ. (B) 1.4-BQH; and 1,4-BQ], 100 4M NADH.
and 20 uM CuCl; In 200 xL of 10 mM phosphate bulfer (pH
7.8) with 5 #M DTPA. The mixtures were Incubated for 60 min
at 37 °C. The DNA fragments were then wreated with 1 M
plperidine far 20 min at 90 °C and electrophoresed on an 8%
polyacrylamlde/8 M urea gel.

The Initial generatlon of O~ by 1,4-BQH; proceeded
faster than the reaction mediated by [,2-BQH;, indlcatlng
1,4-BQH. is oxidized by Cu?* at a laster rate than 1.2-
BQHS,.

Semiqulnone Radical Formation from 1,2-BQH,,
1,4-BQH;, 1,2-BQ, and 1,4-BQ. We performed-EPR
measurements to Investigate the redox process of these
quinones. As the semiqulnone radical of 1,2-BQH: Is
difficult to detect, we attempted Lo detect the resultlng
complex with Mp?* (328). The EPR signal was measured
in the oxidation of 1,2.BQH; by Cu?* in the presence of

2The generatlon of Cu’ [ons was confllomed by the Tormatlon of

complexes with bathocuprulne uslng absorptlon specura. The absarption
spectra of the Cu™-bathecuproine camplex has a characleristic absarp-
ton prak ar 480 nm (3£, which appeared afier the addftlon of elther
1.2-BQH; or 1.4-BQH; Into a selution of Cu?* lons and bathocuprolna.
These results Indlcate that Cu®* Is reduced inte Cut by 1.2-BQH; and
1.4-BQH;. The complex absorbance did nol [ncrease with the additlan
of 1,2-BQHz or 1.4-BQHzamounts greater than two 1imes Lhe amount
of Cu?* present, Indicating that ene 1.2-BQH; and 1,4-BQH; molecule
reduces two Cu® lons inte Cu* In the process of oxldalion into BQs.

Hirakawa et al,

Flgure 3. Elfects of scavengers en DNA damage induced by
quinones and NADH In the presence of Cu?*. Reactians con-
tained the 3P-5-cnd labeled 261-bp fragment, 10 uM/base of
call thymus DNA. 5 M |,2-BQH: (&) or 20 xM 1,4-BQH: (B),
20 #sM CuClz. 100 sM NADH, and scavenger In 200 uL of 10
mM phosphate buffer (pH 7.8) with 5 4M DTPA. Mixtures were
Incubated for 50 min at 37 *C. The DNA fragments were then
treated with 1 M plperidine for 20 min aL 90 *C and electro-
phoresed on an 8% polyacrylamide/8 M urea gel. Scavenger or
bathocuproine was added as fotlows: lane |, no scavenger; lane
2, 0.8 M ethanol; lane 3. 0.2 M mannitel; lane 4, 0.2 M sodlum
formate; lane 5. 0.8 M DMSO; lane 6, 50 unlts of catalase; lane
7. 50 units of SOD; lane 8, 50 M bathocuprolne. Contral did
not contaln qulnong, NADH, and CuClz.

Mg?* and bathocuproine. added to remove Cu* fram the
chelate complex of Cu* and 1,2-BQH;. The EPR signal
observed following 1,2-BQH; oxidatlon by Cu®* was
recognized as a 1,2-semlquinone radical {32 (Figure 5),
confirming the generatlon of semlquinone radlcal through
the Cu?*-mediated oxidation of 1,2-BQH;. The EPR signal
of a 1,4-semiquinone radical (9 was also observed In the
oxidation of 1.4-BQH; by Cu?*. The EPR signals of
semiquinone radicals were immediately quenched by the
addition of NADH, suggesting their reduction Inte 1,2-
BQH; and 1.4-BQH,. In the EPR signals obtalined fol-

143



DNA-Damaging Abllity of Catechel and Hydroquinone

40 40
A 12BQH,

§ 30 = 30
I <C,
% ]
E o {=d
5 2
g« o [E 01 gencrion | 1o

ow L ' L 1 0

0 2 4 6 8 0

Time { min

Chem. Res. Toxicol., Vol 15, No. 1, 2002 79

a0 40

B 14-BQ
withoul SOD Hz

Cylochrome ¢ reduction / pi

Time / min

Figure 4. Time course of cytochrome ¢ reductlon by 1,2-BQH; and 1.4-BQH; plus 20 #M Cu?*. Reactlons were perfarmed with 20
#M 1,2-BQH; {A) or 1.4-BQH: (B}, plus 20 jM Cu?* and 50 uM cytochrome ¢ with or without 150 unlts/mL SOD in 1.2 mL of 10 mM
phosphate bulfer (pH 7.8} with 5 4M DTPA. The amount of Q2" generatlon (®) was estlmated by subtracting the amaunt of reduced

cytachrome ¢ with SOD (O} from that without SOD ().
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Figure 5. EPR spectra of semiguinone radicals. (A} 1,2-
Semlquinone radical {(am3s = 0.51 G and ams = 3.29 G) was
generated by the exldatlon of 10 mM 1,2-BQH: by 2.5 mM CuCl:
in the presence ol 100 mM MgCl; and 5 mM bathocuproine; a
1.4-semlqulnone radical (ax = 2.3 G) was generated by the
oxidatlon ol 10 mM 1.4-BQH; by 2.5 mM CuCl.. These agents
were ncubated for 1 min at 37 °C In 10 mM phosphate builer
(pH 7.8) with 5 sM DTPA. These EPR slgnals were quenched
by the addlten of 10 mM NADH. (B} EPR signals of 10 mb
1,2-BQ (plus 100 mM Mg?*) and 10 mM 1.4-BQ follawing
treatment with 10 mM NADH. These agents in 10 mM phos-
phate buffer (pH 7.8) with 5 uM DTPA were incubated for 1
min at 37 °C.

lowing the reductlon of 1,2-BQ and 1,4-BQ by NADH,
no-signal was observed when 1,2-BQ was treated with
NADH (Figure 5B). The EPR signal characteristic of the
semiquinone radical was clearly abserved followlng the
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reduction of 1.4-BQ by NADH, suggesting a one-electron
reduction of 1,4-BQ by NADH.

'H NMR Studies of Redox Reactions in 1,2-BQH,/
1,2-BQ and 1,4-BQH/1,4-BQ. The oxldized products of
1,.2-BQH; and 1.4-BQH; by Cu?®' were extracted in
chloroform.d to allow measurement of "H NMR spectra
(Figure 6. panels A and B). When 1,2-BQH; and 1.4-
BQH; were treated with Cu?*, the spectra assigned to
1.2-BQ and 1.4-BQ were observed, respectively. 1,2-BQ
was reduced o 1.2-BQH; by equimolar quantlties of
NADH within 10 s (Figure 6C), supgesting a two-electron
reduction of a 1.2-BQ molecule by a single NADH
malecule. This resull is conslstent wilh lack of an EPR
signal lollowlng the reduction of 1,2-BQ by NADH. In
the reductlon of 1,4-BQ Inte 1,4-BQH; (Figure 8D). the
'H NMR spectra Indicated that approximately one-half
of the 1.4-BQ was reduced into [,4-BQH; in the presence
ol an equimolar quantily of NADH. These results indlcate
that one 1,4-BQ molecule is reduced into 1,4-BQH,
through two one-electron reduction reactlons medtated
by rtwo NADH molecules.

NADH Consumpticn in the Redox Reaction. To
Investigate the kinetics of these quinone redox reactions,
we measured the consumptlon rate of NADH through a
time course examlining the absorption spectral changes
In alr-saturated condltions. In the presence of Cu?*,
NADH was consumed by the autoxldatlon of 1.2-BQH;
In a tlme-dependent manner (Figure 7 A). NADH con-
sumption by 1.2-BQH, was signillcantly faster than that
ol 1.4-BQH; (Flpure 7B). 1,2-BQH; and 1.4-BQH, dem-
onstrated slmllar time courses to [,2-BQ and 1.4-BQ,
respectively (Figure 7B). Although the kinetics of he
redox cycle Is complex, NADH consumption indlcates the
turnover frequency of the redox cycle and the rate of
generation ol reactive species. The number of cycle
turnovers, estimated [rom the NADH consumption (n 60
min In the presence of a set amount of quinones, are
summmarized [n Table 1 aleng with the relative extent of
DNA damage.

Discussion

In this study, we examined the abllity of 1,2-BQH; and
1,4-BQHz to cause DNA damage using an in vitro system
of DNA fragments obtained from human genes. In the
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Flgure 6. 'H NMR spectra of 1,2-BQH; and 1.4-BQHy treated with Cu?*, and 1,2-BQ and 1.4-BQ treated with NADH. An agueous
solutlon {(.75 mL) contalning 27 mM 1.2-BQH; {A) or 1.4-BQH: (B), 27 mM CuCl.. and 27 mM bathecuprolne was shaken vigorously
far 10 s: the organlc compounds were extracted in chloroform-d ta measure the specirum, The chlorolorm (0.75 mL) of 74 mM 1,2-BQ
(C) or 1,4-BQ (B) and aquecus (0.75 mL) solutlon of 74 mM NADH were mixed vigorously for 10 s; the chloraform phase was measured.

presence of NADH, the “carcinogenic” 1,2-BQH; induced
stronger Cu?*-medlated DNA damage than the related
“noncarcinogenic” 1,4-BQH;. In the absence of NADH,
the potency of thelr DNA damaging actlvitles was
reversed. This result suggests Lthat the reductlon rate by
NADH of the oxidlzed products of 1,2-BQH; and 1.4-
BQH: determines their abilities to cause DNA damage,
leading to carcinogenesis. This idea is supported by the
observation that NADH consumption In the presence of
1,2-BQH/1.2-BQ was faster than Lhat in the |,4-BQH,/
1,4-BQ system, 'H NMR and EPR studies revealed that
the redox cycle of 1,2-BQH;/1.2-BQ system involves gne
1,2-BQ molecule converted into 1.2-BQH; through a two-
clectron reduction by one NADH molecule; one 1,4-BQ
molecule is converted into a semlquinone radlcal through
a one-electron reduction mediated by a single NADH
molecule. These results supgest the structure of 1,2-BQ

may lacilltate the two-electron reduction by NADH betrer
than 1,4-BQ. The two-electron reduction of BQ into a diel
by NADH requires a greater free-enerpy change (—AG)
than the one-electron reduclion creating a semiquinone
radlcal. The faster reduction rate of 1,2-BQ by NADH
than 1,4-BQ may be autributed to the ease of the
Interaction between 1,2-BQ and NADH and the dilfer-
ences in —AC. Therelore. the reduction of 1,2-BQ ac-
celerates the total lurnover [requency of the redox cycle
in 1.2-BQH/1,2-BQ greater than 1.4-BQHy/1,4-BQ.
The DNA damage Induced by 1,2-BQH; and 1.4-BQH;
in the presence of Cu?* and NADH results from base
modlflcatlon al guanlne and thymlne residues in con-
Jjunctlon with strand breakage. This resull suggests the
involvement of reacllve specles other than OH®; OH*
causes DNA damage without site speclficity {33, 34). In
addltlon, OH" scavenpers demonstrated no inhibltory
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Figure 7. NADH consumption by quinones. The reaction mixture, cantainlng 20 #M quinene, 20 4M CuClz, and NADH ([nital
concentratlon: 100 ;M) in 10 mM phosphate buffer (pH 7.8) with 5 M DTPA selutlon were Incubated at 37 °C. {A) The absorpuion
spectral change in the presence of 1,2-BQH;z and CuCle. {B) The time course of NADH consumptlon In the presence of 1.2-BQHz (@).

1.2-BQ {0). 1.4-BQH: (@}, and 1,4-BQ {O).

Table 1. Relative Extent of DNA Damage and NADH
Consumption in the Redox Cycle®

hall-life
DNA damage TONgo {min)
1.2-BQH; +
1,2-BQ plus NADH ++++ 3.3 40
1.4-BQH; ++
1,4-BQ plus NADH +++ 1.6 120

4 The number ol "+ relatlve extent of DNA damage estlmated
on the basls of results in Flgures | and 2. TONg: turnover number
of NADH consumption in 60 min. hall-life: half-llfe of NADH In
the redox cycles.

effect on Cu?*-medlated DNA damage by 1,2-BQH; and
1,4-BQH; in Lke presence ol NADH. The inhibitory effecls
of bathocuproine and catalase on DNA damage Indicate
Cut and H;0; ald the production of the reactive specles
responslble for causing DNA damage (34— 36).

The mechanlsms of DNA damage induced by 1,2-BQH,
and 1,4-BQH,. summarized In Flgure 8, propose that 1,2-
BQH:; and 1,4-BQH; are oxidized into the corresponding
semiquinone radlcals by Cu?*, which ls subsequently
reduced into Cut. Cut then reduces oxygen into Oz,
which Is easlly converted into HzO.. Semiquinone radlcals
are oxldized Into 1.2-BQ or 1.4-BQ, producing more Cu*,
Oz~, and H;0; in the pracess, Cu* and Hz0: induce
oxldative DNA damage Lhrough the lormation of a
copper-hydroperoxo complex (Cu{l)JOOH}.* NADH non-
enzymatically reduces 1,2-BQ directly into 1,2-BQH.
through a two-electron reduction; 1,4-BQ Is reduced to
1,4-BQH; through a semiquinone radical intermediate.
Thus, the NADH-dependent redox cycle may continu-
ously penerate reactlve oxygen species, resulting [n the
enhancement of oxidative DNA damage. NADH, a re-
ductant existing at high concentrations {100—200 uM)
in certaln tissues (37), could facilitate the NADH-med}-
ated DNA damage observed In this study under physi-
ological conditions.

1 The copper-hydroperoxe complex [Cull)OOH] induces DNA dam-
age by the generatlen of OH* through a4 Cu'-induced, Fenton-like
reactlon {4—-30). Copper lens have a high aMnlty for DNA, promoting
the formatien af DNA—Cu{[)OOH complexes, As thls complex can
generate OH- in the vicinity of DNA, OH* scavengers cannot Inhlblt
DNA damage. -
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Figure 8. Proposed mechanisms of DNA darmage Induced by
1.2-BQH/1.2-BQ (left) and 1,4-BQH:/1,4-BQ (right} In the
presence of Cu?* and NADH.

In summary, 1.2-BQH;-Induced DNA damage [s dra-
matically enhanced by NADH, exceeding that Induced
by 1,4-BQH:. The turnover frequency of 1,2-BQH/1,2-
BQ redox cycle is signillcantly greater than that of 1,4-
BQH/1,4-BQ, possibly resultlng from the different NADH-
mediated redox propertles of 1,2-BQH; and 1,4-BQH,.
1,2-BQH; is possibly carcinogenic to human (/3), whereas
1,4-BQHg; Is not. The difference of NADH-medlated DNA
damage induced by 1,2-BQH; and 1,4-BQH; Is notewor-
thy in relatlon to thelr carclnogenic potentials. The
carcinogeniclty of 1,2-BQH; may be associated with the
rapid two-electron reduction of 1,2-BQ by endogenous
NADH.
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Abstract

Ethylbenzene is carcinogenic to rats and mice, while it has no mutagenic activity. We have investigated whether ethylbenzene
undergoes metabolic aclivation, leading to DNA damage. Ethylbenzene was metabolized to 1-phenylethanol, acetophenone,
2-ethylphenol and 4-cthylpheno! by rat liver microsomes. Furthermore, 2-ethylphenol and 4-cthylphenol were metabolicaliy
transformed to ring-dihydroxylated metabolites such as ethylhydroquinone and 4-ethylcatechol, respectively, Experiment with
12P-labeled DNA fragment revealed that both ethylhydroquinone and 4-cthyleatechol caused DNA damage in the presence of
Cu(I1). These dihydroxylated compounds also induced the formation of 8-oxo-7,8-dihydro-2-deoxyguanosine in calf thymus
DNA in the presence of Cu(lT}. Catalase, methional and Cu(I)-specific chelator, bathocupraine, significantly (P < 0.05) inhibited
oxidative DNA damage, whereas free hydroxyl radical scavenger and superoxide dismutase did not, These results suggest that
Cu(T) and HzO, produced via oxidation of ethylhydroquinone and 4-ethylcatechol are involved in oxidative DNA damage.
Addition of an endogenous reductant NADH dramatically enhenced 4-ethylcatechol-induced oxidative DNA damage, whereas
cthylhydroquinone-induced DNA damage was slightly enhanced. Enhancing effect of NADH on oxidative DNA damage by
4-ethylcatechol may be explained by assuming that reactive species are penerated from the redox cycle. In conclusion, these
active dihydroxylated metabolites would be involved in the mechanism of carcinogendsis by clthylbenzene,
© 2004 Elsevier Ireland Lid. All rights reserved.
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its high volatility, ethylbenzene is widely distributed in
the environment. Ethylbenzene has been issued as an
air pollutant, especially an indoor pollutant. Ethylben-
zene is readily absorbed via inhalation [1-3] as well
as oral administration [4]. Ethylbenzene causes carci-
noma in the kidney and testis of rats, and in the lung and
liver of mice by inhalation [5]. Thus, ethylbenzenc has
been categorized as a group 2B carcinogen (possibly
carcinogenic to humans) by the International Agency
of Research on Cancer [6]. However, the mechanism
of carcinogenesis by ethylbenzene remains to be clari-
fied. Ethylbenzene itself has no mutagenic activity [6].
Most of the Ames test-negative chemicals exert their
carcinogenicity via oxidative DNA damage [7-9]. In
the present study, we examined whether the metabo-
lites of ethylbenzene are capable of causing DNA dam-
age through generation of reactive oxygen species. A
main melabolite of ethylbenzene, 1-phenylethanol, in-
duced renal tubular adenomas at high dose in male
rats [10]. In addition, alternalive pathways including
ring-hydroxylation arc also possible [ | 1]. The resulting
metabolites might be responsible for the ethylbenzene-
mediated carcinogenesis.

To confirm this hypolhesis, we analyzed ethylben-
zene melabolites formed by rat liver microsomes and
their ability to cause oxidative DNA damage. The
metabolites were identified by high performance lig-
uid chromatography (HPLC) and gas chrometogra-
phy/mass spectrometry (GC/MS). We investigated the
ability of ethylbenzene metabolites to induce DNA
damage using 32P-labeled DNA fragments obtained
from the human p33 tumor suppressor gene. This gene
is known to be the most important target for chemical
carcinogens [12]. Moreover, mulations in the p53 gene
have been frequently found in cancer patienis [13]. Ef-
fect of these metabolites on the formation of 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxodG), a charac-
teristic oxidative product of DNA, was analyzed using
an HPLC equipped with en clectrochemical detector
(ECD).

2. Materials and methods
2.1. Chemicals

Ethylbenzene,  acetophenone,  2-ethylphenol
and 4-cthylphenol were purchased from Aldrich
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Chemical (Milwaukee, WI), I-Phenylethanol was
from Fluka Chemie GmbH (Buchs, Swilzerland).
4-Ethylcalecho! (EC) was from Tokyo Kasei Ko-
gyo (Tokyo, Japan). Ethylhydroquinone (EHQ),
bis(trimethylsilyl)trifluoroacetamide (BSTFA) and
calf thymus DNA were from Sigma Chemical (St
Louis, MO}. Glucose &-phosphate dehydrogenase,
B-micolinamide-adenine  dinucleotide  phosphate
(NADP*), p-glucose 6-phosphate, dimethyl sulfoxide
(DMSO) and superoxide dismutase (SOD) were from
Wako Pure Chemical (Osaka, Japan). Nuclease P
was from Yamasa Shoyu (Choshi, Chiba, Japan). Calf
intestine alkaline phosphatase (CIP) was purchased
from Roche Diagnostics (Mannheim, Germany).
Phenobarbital was from Hoei {Osaka, Japan). Ethyl-
benzene, 2-ethylphenol, 4-ethylphenol, EHQ and
EC were of the highest purity available (>95%).
Other chemicals used were of the highest quality
commercially available.

2.2. Preparation of rat liver microsontes

We prepared microsomes from the liver of male
Sprague—Dawley rats (5 weeks of age, Clea Japan,
Tokyo, Japan) as described previously [14]. These
rals were given oral administration of phencbarbital
(60 mg/kg body weight) daily for 3 days before use.
The livers of rats were excised from exsanguinated rats
and immediately perfused with 1.15% KCI. The liv-
ers were homogenized in four volumes of the KCl so-
lution using a homogenizer. The microsomal fraction
was obtained from the homogenate by successive cen-
trifugation at 9000 x g for 20 min and 105,000 x g for
60 min. The fraction was washed by resuspension in the
same solution and recentrifugation. The pellets of mi-
crosomes were resuspended in | ml of the solution for
1 g of liver. Protein amount was quantified by the Brad-
ford method using Biorad protein assay dye reagent
(Biorad, Hercules, CA). Quantity of cytochrome P450
(0.68 & 0.04 nmol/mg protein) was determined by the
method of Omura and Sato [15].

2.3. Microsomal reaction

Microsomal reaction mixture contains 2 mg/ml of
microsomal protein, 1 mM NADP*, 10 mM glucose
6-phosphate, ! unit/ml of glucese 6-phosphate dehy-
drogenase and 10mM MgCl; in 1ml of 100mM
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phosphate buffer (pH 7.4). Substrate (ethylbenzene,
2-ethylphenol or 4-ethylphenol} dissolved in DMSO
was added into the mixture (5mM, final concentra-
tion of substrale) and incubated for 30 min at 37°C.
After incubation, 200mM HCI was added and the
products were extracted with diethyl ether three times.
The pooled dielhyl ether extract was dehydrated with
sodium sulfale anhydride and evaperated.

2.4. HPLC analysis

The dried extract of microsomal reaction mixture
was dissolved in 40% methanol-water containing 0.1%
trifluorpacetic acid {TFA) and applied 10 an HPLC
system {LC-VF, Shimadzu, Kyoto, Japan) cquipped
with a diede array detector and Develosil packed col-
umn (4.6 mm i.d. x 250 mm, Nomura Chemical, Aichi,
Japan) and eluted with 40% methanol—waler contain-
ing 0.1% TFA at a flow rate of 1 ml/min at 40°C,

2.5, GC/MS analysis

For GC/MS analysis, the extract was dissolved
in 100 pl of methanol. Some compounds, such as
EHQ and EC, were purified by HPLC, evaporated
and incubated for 30min at 60°C in BSTFA for
a derivatization before the analysis. The samples
were injected into a GC (HP 6890 GC System Plus,
Agilent Technologies, Palo Alto, CA) equipped with
a MS (JMS-700 MStation, JEQL, Tokyo, Japan),
using electron impact ionization at 70eV. Helium
was used as carrier gas at a flow rate of 0.5 ml/min.
Temperature of injector, interface and ion source was
2(0°C, The temperature program for an HP Ultra 2
column (0.2 mm i.d. % 25m x 0.33 pm film thickness,
Agilent Technologies) was as follows: 40°C (2 min
isothermal}, 40-120°C (2 °C/min), and 120°C (5 min
isothermal). For derivatized compounds, temperature
of injector, interface and ion source was 250°C, and
the temperature program was as follows: 70 °C (2 min
isothermal), 70-280°C (10°C/min), and 280°C
(5 min isothermal).

2.6. Detection of damage to3?P-5'-end labeled
DNA

DNA fragments obtained from the human p33 tu-
mor suppressor geae [16] containing exons were pre-
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pared, as described previously [17]. The 5’-end labeled
650 bp fragment (HindIII* 13972-EcoRI* 14621)
was obtained by dephosphorylation with CIP and
rephosphorylalion with [y->2P]ATP and T4 polynu-
cleotide kinase. The asterisk (*) indicates >2P-labeling.
The 650bp fragment was further digested with Apal
to obtain a singly labeled 443 bp fragment {(4pal
14179-EcoRI* 14621). The standard reaction mix-
rres (1.5ml in an Eppendorf microtube) contain-
ing cthylbenzene metabolites, P-5'-end labeled DNA
fragments, calf thymus DNA (50 pM/base), 100 pM
NADH and 20 pM CuCl; in 200 .l of 10 mM sodium
phosphale buffer (pH 7.8) comnlaining 5 uM DTPA
were incubated at 37 °C for 1 h. Then, the DNA frag-
menis were treated in 10% (v/v) piperidine at 90°C
for 20 min. The trealed DNA was electrophoresed on
an 8% polyacrylamide/8 M urea gel. The autoradio-
gram was obtained by exposing X-ray film to the
gel.

2.7. Analysis of 8-oxodG formation in calf thymus
DNA .

Calf thymus DNA (50 uM/base)} was incubated
with ethylbenzene metabolites, and 20uM CuCl,
in 4mM sodium phosphate buffer (pH 7.8) for Lh
at 37°C. In a certain cxperiment, 100 uM NADH
was added. After ethanol precipitation, DNA was
digested to the nucleosides with nuclease Py and CIP,
and then 8-oxodG content was measured with an
HPLC-ECD as described previously [18]. To examine
the reactive species involved in 8-oxodG formation,
scavengers (ethanol, methional, SOD and catalase)
and a metal chelator (bathocuproine) were added
before addition of ethylbenzene metabolites to reac-
tion mixturcs. The reaction mixtures were incubated
and 8-ox0dG content was measured as described
above.

2.8. Derection of O3~ derived from ethylbenzene
metabolites

The amount of Oz~ generated by the reaction
of EHQ or EC with Cu(ll) was determined by the
measurement of cytochrome ¢ reduction. The reac-
tion mixture conlaining 40 pM ferricytochrome c,
100 uM EHQ or EC, 2.5uM DTPA in Iml of
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10mM sedium phosphate buffer (pH 7.8) with or
without SOD (100 wnits) was incubated at 37°C,
Maximum absorption of reduced cytochrome ¢ at
550nm (e55p=21,100M~'em™') was recorded at
I min inlervals for 6min, using a UV-visible ab-
sorption spectrophotometer (Hitachi 2284, Tokyo,
Japan). The conlent of Q2™ was calculaled by sub-
tracting absorbance with SOD from that without
SOD. '

2.9. Measurement of Cu(l)-bathocuproine
complex in the reaction of ethyibenzene
metabolites and Cu(ll)

Cu(l) was quantified by measuring characteris-
tic absorption of Cu(l}-bathocuproine complex at
480 nm [19]. The reaction mixture containing 200 uM
bathocuproine, 50 pM CuClz and a test compound
(EHQ or EC, 0-40 puM) dissolved in DMSO was an-
alyzed by a spectrophotometer (Hilachi) immediately
after addition of these reagents. The amount of Cu(l)
was calculated using molar absorbance coefficient of
the complex {g480 = 13,900 M~ cm™").

3. Resulis

3.1. Metabolism of ethylbenzene by rat liver
- microsomes

Ethylbenzene was treated with rat liver mi-
crosomes and the metabolites were analyzed by
HPLC and GC/MS. As side chain-oxidized metabo-
lites, I-phenylethanol and acetophenone were de-
tected (Fig. 1). 2-Ethylphenol and 4-ethylphenol were
detected as benzene ring-hydroxylated metabolites

(Fig. 1). Approximately 3% of ethylbenzene was con--

verted to |-phenylethanol, and smaller amounts of 2-
ethylphenol (0.0048%) and 4-ethylphenol (0.014%)
were generated under the conditions used. The ma-
Jjor peaks, which appeared before the retention time of
5 min, are attributed to microsomal components rather
than ethylbenzene metabolites (Fig. |). HPLC retention
times and UV spectra of four metaboliles were con-
sistent with those of each authentic compound. More-
over, structures of these metabolites were confirmed
by GC/MS analysis as estimated in the HPLC analysis
(data not shown).

152

K. Midorikawa et al. / Chemico-Biological Interactions 150 (2004) 27}-231

H
CHy
E o
. g 1-Phemyethanal
3 4
8 H
c 4.Ethyiphanol
é ~ O
' H
Acetophenone 2-Etindphanol
ﬂ“ y
\-"-NAI_N > - I\TM_A_
0 10 20 30 40

Relentlon time {min)

Fig. 1. HPLC profile of cihylbenzenc metabolites farmed by
phenobarbilal-ireated rat liver microsomes. The conditions for the
micrasomal reaction and HPLC are as described in Section 2. Peaks
without arrows are observed even in the absence of ethylbenzene.

3.2. 2-Ethylphenol and 4-ethylphenol-derived
ethyibenzene metabolires

When 2-ethylphenol and 4-ethylphenol were
treated with microsomes, cthylhydroquinone and 4-
ethylcatechol were detected, respectively. Identifica-
tion of these metabolites was estimated by the identical
HPLC retention time and UV specirum to that of each
authentic standard (Fig. 2A and B) and confirmed by
GC/MS analysis (data not shown). The major peaks,
which appeared before 5 min in Fig. 24, are attributed
to microsomal components rather than ethylbenzene
metabolites. The peak near 10min in Fig, 2B is at-
tributed to an unknown metabolite yet to be identified.

3.3. Damage to 3’ P-labeled DNA fragments by
ethylbenzene metabolites in the presence of NADH
and Cu(il)

As shown in Fig. 3, both EHQ end EC induced DNA
damage in the presence of Cu(11}. The intensity of DNA
damage increased with increasing concentrations of the
metabolites (Fig. 3). Addition of an endogenous reduc-
tant NADH enhanced DNA damage by EHQ slightly.
On the other hand, EC-induced DNA damage was dra-
matically enhanced by the addition of NADH (Fig. 3).
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3.4. Formation of 8-0x0dG in calf thymus DNA by
ethylbenzene metabolites

Ethylbenzene metabolites, EHQ and EC, induced
8-ox0dG fermation in calf thymus DNA in the pres-
ence of Cu(Il) in a dose-dependent manner (Fig. 4A
and B). EHQ generated approximately two-fold larger
amount of 8-oxodG compared with EC. Furthermore,
EC-induced 8-oxodG formation increased three- to

four-fold by the addition of NADH {Fig. 4B). In the
case of EHQ, a slight increase in 8-oxodG formation
was observed by the addition of NADH (Fig. 4A).
When Cu(1l} was omirted, the amounts of 8-0xo0dG in-
duced by EHQ and EC were similar to the negative con-
trel (data not shown). Other ethylbenzene metabolites,
1-phenylethanol, acetophenone, 2-ethylphenol and 4-
ethylphenol, did not exert 8-ox0dG formation activity,
under the conditions used {data not shown).
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Cu(ll} Cu(ll)}+NADH
| EHQ EC I EHQ EC I
| 1 1 . vt i1
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Fig.3. Auloradiogram o[32P-labeled DNA fragments incubated with ethylbenzene metaboliles in the presence of NADH and CufTI). The reaction
mixtures conlaining each ethylbenzene metabolite (¢oncentration as indicated), 32P-5"-end labeled 443 bp DNA fragments, call thymus DNA
{50 wM/basc), 100 pM NADH and 20 pM CuClzin 200 pl of 10 mM sodium phosphale bulTer (pH 7.8) containing 5 pM DTPA were incubaled
at 37°C far 1 h. After the incubation, the DNA fragments were treated with hot piperidine, and electrophoresed on an 8% polyacrylamide/8 M
urea gel. The autpradiogram was obisined by exposing X-ray film to the gel.

3.5. Effects of radical scavengers on the formation
of 8-oxodG indiced by ethylbenzene metabolites

To identify the reactive species responsible for
DNA damage, we investigated the inhibitory effect
of reactive oxygen species scavengers and Cu(l)-
specific chelator bathocuproine on the 8-ox0dG for-
mation induced by EHQ and EC (Fig. 5). Typi-

3000
o 2500
B
S 2000
@
Eusoa-
EHG+CU{lIHNAD
31000- wiIH-NADH
500 - e
e ERQCUT)
o[ T T T y
D 5 10 16 20 25
(A) EHQ (M)

cal hydroxyl radical scavenger ethanol did not show
an inhibitory effect on 8-ox0dG formation. Cata-
lase significantly inhibited 8-oxodG formatien in
both cases. Relatively strong inhibilion was observed
with methional, a wide range scavenger, which re-
acts with various less reactive species other than hy-
droxyl radical. In addition, Cu(l)-specific chelator
bathocuproine completely suppressed the 8-0xodG for-

; ,

g 2500 EC+Cufll}+NADY
S 2000 -
3
o 1600
=
& 1000 -
ECiCul) %
500.- J
------ &
0 &=y T |
a 5 10 15 20 25
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Fig. 4, Formation of 8-oxedG induced by EHQ or EC in the presence of Cu(ll), Reaction mixture contained cali thymus DNA (50 pM/base),
20 pM CuClz, 100 pM NADH und EHQ (A} or EC (B) in 4 mM sodium phosphate bufTer (pH 7.8) contoining 5 tM DTPA. The reaclion and
measurement were performed as described in Section 2. Results were oblained from two independent experiments. Values are cxpressced os

means £ 5.D.
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Fig. 5. Effects of reaclive oxygen specics scavengers and bathocuproine on 8-0x0dG formation induced by EHQ or EC. Reaclion mixture
contained calf thymus DNA {50 uM/basc}, 20 uM CuCl, 25 oM EHQ (A} or EC (B) and scavenger in 4 mM sodium phosphate bulfer (pH 7.8)
containing 5 pM DTPA, Scavenger was added to the posilive control (EHQ + Cu(Il) (A} and EC+ Cu(1l} (B)) where indicated, The concentration
ol scavengers and metal chelalor wos a5 follows: 5% {v/v} cthanol; 0.1 M methional; 50 units of SOD; 50 unils of calatase; 50 wM bathacuproine,
Conirol does not contain EHQ or EC. Resulls were oblained from three independent experiments. P < 0,05, signilicant decrease compared with
the positive control, evaluated by f-test or Welch test. Values are expressed as means £ S.D.

mation. However, SOD slightly facilitated 8-oxodG
formation.

3.6. Involvement of Oy~ in 8-oxodG formation

Generation of 0>~ in the 8-oxodG formation was
investigated by measuring the extent of cytochrome ¢
reduction, As shown in Fig. 6, 02~ was gencrated in the
reaction system containing EHQ or EC under the aero-

Oz~ (pM)

2 3 4 5 B
Time {min)

Fig. 6. Oz~ -generation from EHQ or EC. The reaction mixture
conaining 40 uM lemmicytochrome ¢, 100 pM EHG or EC, 2.5 pM
DTPA in 1 ml of 10 mM sodium phosphate buller (pH 7.8) with or
without SOD (100 units) was incubated a137 °C. The amount of Q3=
was delermined by 1he measurement of cylochrome ¢ reduction os
deseribed in Section 2. )
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bic condition, suggesting the involvement of O3~ in the
mechanism of oxidative DNA damage. EHQ induced
about two-fold larger generation of O; ~ compared with
EC.

3.7. Stoichivmetry of the reaction between
ethylbenzene metabolites and Cufll)

We investigated molar ratio of these ring-
_ dihydroxylated metabolites (EHQ or EC) and Cu(lI}
in the redex reaclion by meesuring the absorbance of
Cu(I)-bathocuproine complex (Fig. 7), Twenty-five mi-
cromolars of EHQ or EC were necessary for the com-
plete reduction of 50 WM of Cu(Il). This result implies
a 2:1 stoichiometry for the reduction of Cu(II) by cthyl- -
benzene metabolites.

4, Discussion

The present study has firstly demonstrated that EHQ
and EC are formed by microsomes from rat liver as
novel metabolites of ethylbenzene via generation of
2-ethylphenol and 4-ethylphenol, respectively. EC has
been detected as a metabolite of ethylbenzene in bacte-
ria [20]. Recent studies have suggested that CYP2E1 is
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Fig. 7. Stoichiometry of the reaction between ethylbenzene metabo-
lites and Cu(1T). Calculated amounts of reduced Cu nguinst EHQ and
EC ore shown based en the absorbance of the Cu(I}-bathocuproine
complex as described in Section 2. The reaction mixiure cenlains
50 pM CuCl,.

the major enzyme to metabolize ethylbenzene [21,22].
Sams et al. have demonstrated that CYP2E] cat-
alyzes the side-chain hydroxylation of ethylbenzene
to produce l-phenylethanol [21]. 2-Ethylphenol and
4-ethylphenol arc minor metabolites of ethylbenzene
formed through ring hydroxylation {6,11,23]. Previ-
ous studies have demonstrated that benzene under-
goes CYP2E]-catalyzed ring hydroxylation to gener-
ate toxic metabolites, such as hydroquinone, catechol
and benzoquinone [24,25]. Therefore, the generation
of two ring-dihydroxylated metabolites, EHQ and EC,
may be primarily catalyzed by CYP2EL. This idea is
supported by a recent study showing that CYP2E] is
involved in ethylbenzene metabolism to form the com-
pounds capable of generating reactive oxygen species
[22]. In this study, EHQ and EC caused oxidative DNA
damage including 8-0xodG in the presence of Cu(Il).
EHQ formed approximately two-fold larger amount of
8-oxodG compared with EC. This result can be ex-
plained by the observation that EHQ generated about
two-fold larger amount of O;~ compared with EC.
Furthermore, NADH cnhanced Cu(ll)-mediated DNA
damage and the 8-oxodG formation induced by EC.
8-Oxod(G is not only as a significant biomarker for ox-
idative DNA damage, but also as an inducer for another
intramolecular base damage in the DNA strand under
oxidative stress [26], Numerous studies have indicated
that the formation of 8-0xodG causes misreplication
of DNA, leading 10 mutation and cancer [27,28]. The
kidney and testis are target organs for carcinoma in-
duction by ethylbenzene. This can be explained by as-

sumning that ethylbenzene metabolites produced in the
liver are transported to target organs. CYPs are also ex-
pressed in the kidney [29], where toxic metabolites can
be produced. The testis is highly susceptible to oxida-
tive damage, since this organ has low activity of cata-
lase [30]. Thus, it would be possible that the oxidative
DNA damage mediated by CYP-calalyzed metabolites
of ethylbenzene is invelved in carcinogenesis in these
organs.

Copper is present in nucleus and closely associated
with chromosomes and bases [31,32]. Although mam-
mals have evolved means of minimizing levels of frce
copper ions and most copper ions bind to protein carri-
ers and transporters [33], free copper ions may partic-
ipate in ROS pencration under certain conditions. The
level (20 wM) of free copper ions used in this study may
be higher than the physiological concentrations. In our
experimental conditions, DNA was treated with ethyl-
benzene metabolites and Cu(ll) for a short time. The
conditions would be relevant to the lifetime exposure
of human Lo low level of free copper ions. NADH con-
centration in lissues was estimated to be as high as that
applied in our in vitro system [34]. Therefore, Cu{II)
and NADH may play significant roles in the mecha-
nism of ethylbenzene metabolites-mediated DNA dam-
age in vivo. Complete inhibition of 8-0x0dG forma-
tion by Cu(I}-specific chelator suggests Cu(Il) reduc-
tion coupled to the autoxidation of EHQ and EC. The
significant inhibition by catalase indicates the partici-
patien of H20; in DNA damage. Generation of O3~ in
the reaction system containing the ring-dihydroxylated
metabolites is consistent with the result that SOD en-
hances 8-oxodG formation, assuming that DNA dam-
age is caused by HyO; derived from O3~ generated
concomilantly in the reaction of these metaboliles and
Cu(Il). Inhibitory effect of methional supports the for-
mation of areactive species other than hydroxyl radieal,
such as copper-hydroperoxo complex (Cu(l}OOH).
Based on these results, we propose a possible mech-
anism of the Cu(II)-mediated DNA damage by ethyl-
benzene metabolites as shown in Fig, 8, EHQ under-
goes Cu(II)-mediated autoxidation to the correspond-
ing semiquinone radical and subsequently to ethylben-
zoquinone, Similarly, EC undergoes Cu{ll)-mediated
autoxidation to semiquinone radical and then 4-cthyl-
1,2-benzoquinone. The hypothesis that these ethylben-
zene metabolites undergo two steps of Cu(11)-mediated

autoxidation is confirmed by a 2:1 stoichiometry for
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Fig. B. Possible mechanisi of oxidalive DNA damage induced by EHQ and EC.

the reduction of Cu(Il) by ethylbenzene metabolites.
This result simply reflects the mechanism by which
the maximum number of electrons are transferred to
Cu(ll) during autoxidation of EHQ and EC. On the
“other hand, abilities to cause DNA damage may de-
pend on redox potentials of EHQ and EC. During the
autoxidation, Cu(ll)is reduced to Cu(l}and O3~ is gen-
eratcd from O3 by the reaction with the Cu(l). Q2= is
dismutated into H>0O; and interact with Cu(l) to form
DNA-Cu(I)OOH complex [35]. There remains a pos-
sibility that DNA damage is induced by hydroxyl rad-
ical generated in very proximity to the DNA, ie. in
the DNA-Cu(I}OOH complex, before being scavenged
[36].

We showed that EC-induced Cu(ll)-mediated DNA
damage more efficiently than EHQ in the pres-
ence of NADH. This result suggests that 4-ethyl-
1,2-benzoquinone is again reduced to EC by NADH,

157

and forms a redox cycle in which large amount of
0,7~ is produced. Similar effects of NADH were
observed with benzene metabolites, catechol. Hi-
rakawa ct al. [37] indicated that 1,2-benzoquinone
was converted directly into catechol through a nonen-
zymatic two-electron reduction by NADH. The re-
duction of 1,2-benzoquinone by NADH proceeds
more rapidly than that of 1,4-benzoquinone. Simi-
larly, 4-ethyl-1,2-benzoquinone appears to be con-
verted to 1,2-benzoquinone through NADH-mediated
two-electron reduction. This reduction of 4-ethyl-1,2-
benzoquinone accelerates the redox reaction, result-
ing in the enhancement of DNA damage. We pre-
vicusly demonstrated that methylcatechols, toluene
melabolites, caused Cu(ll)-mediated DNA damage,
which was more efficiently enhanced by NADH com-
pared with methylhydroquinone, an another toluene
metabolite [38,39]. The generation of reactive oxygen
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species from redox reaction contributes to carcinogen-
esis caused by a variety of air pollutants, such as ethyl-
benzene, benzene and toluenec.

This is the first report that DNA damaging active
compeunds, EHQ and EC were delecled in ethylben-
zene metabolism. These metabolites have not been no-
ticed es the causes of ethylbenzene-mediated carcino-
genesis probably because of their limited production.
Nevertheless, oxidative stress provided in the redox ey-
cle containing these metabolites would be a key in the
carcinogenesis mechanism of ethylbenzene.
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Abstract

The enzyme kinetics of the initial hydroxylation of ethylbenzene to form 1-phenylethanol were determined in humnan liver
microsemes. The individual cylochrome P450 (CYP) forms catalysing this reaction were identified using selective inhibitors
and recombinant preparations of hepatic CYPs,

Production of ]-phenylethanol in hepatic microsomes exhibited biphasic kinetics with a high aflinity, low X;,, compo-
nent {mean Ky, = 8 uM; Vi, = 689 pmol/min/mg protein; s = 6 livers) and a low affinity, high X,,, component (K =
391 pM; Vi, = 3039 pmol/min/mg protein; n = 6). The high-affinity component was inhibited 79%-95% (mesn 86%}) by
diethyldithiccarbamate, and recombinant CYP2E] was shown to metabolise ethylbenzene with low K, (35 RM), but also low
Venax (7 pmol/min/pmel P450), indicating that this iseform calalysed the high-affinity component. Recombinant CYP1A2 and
CYP2B6 exhibited high V.. (88 and 71 pmol/min/pmol P450, respectively) and high K (502 and 219 pM, respectively),
suggesting their involvement in catalysing the low-affinity component.

This study has demonstrated that CYP2E] is the major enzyme responsible for high-affinity side chain hydroxylation of
ethylbenzene in human liver microsomes. Activity of this enzyme in the population is highly variable due to induction or
inhibition by physiological factors, chemicals in the diet or some pharmaceuticals. This variability can be incorporated into the
risk assessment process 1o improve the setting of occupational exposure limits and guidance values for biological monitoring.
© 2003 Elsevier Ircland Lid. All rights reserved.

Keywaords: Biological monitoring; Cylochrome P450; Elhylbenzene

1. Introduction * toluene), an intermediate in the synthesis of styrene,
’ a raw material for the production of rubber and plas-

Ethylbenzene is & commonly used chemical with tics, and an additive to some fuels (Cavender, 1994;
several industrial applications. It is a solvent (often WHO, 1996). The absorption of cthylbenzene in ex-
mixed with other aromatic solvents such as xylene and posed workers arises mainly via inhalation, and to a

much lesser extent through the dermal route (Gromiec

* Corresponding author, Tel.: +44-114-289-2725; and Piotrowski, 1984, F:s_hbem.. 1.935). E@ylbcmcne
fax: +44-114-289-2763. has low acute and chronic toxicity, but it acts as a
E-mail address: craig.sams@hsl.gov.uk (C. Sams), central nervous system depressant at high doses and

0378-4274/§ — sce Iront matter © 2043 Elsevier Ircland Lid. All riphts reserved.
doi:10,1016/j.10x1e1.2003.11.010
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can cause mild irritation of the mucous membranes
and eyes (WHO, 1996). Therefore, it is important to
control and minimise worker exposure to cthylben-
zene. lts metabolites can be detected in urine, and
the major product, mandelic acid, is recommended
for biological monitoring of ethylbenzene (ACGIH,
2000).

Human in vivo studics have shown that mandelic
acid and phenylglyoxylic acid are the major urinary
metabolites following inhalation exposure to ethyl-
benzene {Bardodej and Bardodejova, 1970; Engstrom
et al.,, 1984). These metabolites result from initial
hydroxylation of the side chain of ethylbenzene, fol-
lowed by further cxidation. Some minor ring oxida-
tion metabolites have also been delected in urine, but
these account for less than 5% of total metabolites
(Engstrom et al., 1984).

Knowledge of the toxicokinelics of a chemical and
the individual enzymes involved in its metabolism
can improve interpretation of biological monitor-
ing results and risk assessment by predicting the
range of biotransformation rates that might be ex-
pected in the general population. In vitro metabolic
systems, such as liver microsomes, have been exten-
sively employed to study rates of biotransformation
and data can be scaled 1o predict in vivo clearances
(Houston, 1994; MacGregor et al,, 2001). As part of
ongoing studies of industrial solvents, the In vitro
metabolism of cthylbenzene has been investigated in
buman liver microsomes obtained from individual
donors. The aims of this study were lo delermine the
kinetic parameters for the initial oxidation of ethyl-
benzene to 1-phenylethanol and lo characterise the
forms of cytochrome P450 (CYP) involved in this
reaction.

Table |
Human liver microsomes: donor demographics

2. Methods
2.1. Chemicals

Ethylbenzene and its metabolite, 1-phenylethanol,
were obtained from Sigma-Aldrich (Gillingham, UK).
All other chemicals used were of analytical grade or
better.

2.2, Human liver microsomes and recombinant
human cytochrome P450 isoforms

Human liver microsomes were obtained from TCS
Cellworks (Botolph Claydon, UK; distributors for
BioPredic, Rennes, France). Collection and process-
ing of human tissue was conducted in compliance
with all current regulatory and ethical requirements.
Microsomes were characlerised for activity towards a
range of model CYP substrales. Donor demograph-
ics are presented in Table 1. Microsomes prepared
from Baculovirus-infected insect cells expressing
recombinant human CYPLA2, 2A6, 2B6, 2091
(Argiaq), 2C19, 2D671, 2E] and 3A4 co-expressed
with cytochrome P450 reductasefcytochrome bs
(Supersomes™) were obtained from Cambridge Bio-
science (Cambridge, UK; distributors for Gentest
Corp., Woburn, USA).

2.3. In vitro metabolism of ethylbenzene

Kinetic experiments were performed by incu-
bation of ethylbenzene (final concentration ranpge
10-5000 pM) with human liver microsomes. Incu-
bation mixtures contained 1.3 mM NADP, 3.3mM
glucose-6-phosphate, 5mM magnesium chloride,

Patient 1D Age Sex Driagnosis Talal CYP Rele of chlorzoxazane
{pmol/mg hydroxylation
protcin} (mmolfmin/mg)

MIC259015 62 F Liver melnstasis 659 2,1

MIC259018 - F - 434 T2

MIC259021 45 F Angioma 3 L6

MIC259006 53 M Myocardial infarclion 434 1.4

MIC259007 52 M Angioma 539 1.4

MIC259009 74 M Liver metaslasis 629 1.6

MIC259002 37 M Steatosis 663 7.1
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0.4 U/ml glucose-6-phosphate dehydrogenase, 50mM
phosphate buffer (pH 7.4) and 0.25mg microsomal
protein in a total velume of 0.5 ml. Incubations were
performed in duplicate at each concentration. Incuba-
tion mixtures were pre-incubated at 37°C for 3 min
and reactions were slarted by addition of ethylbenzene
dissolved in acetonitrile. The final acetonitrile content
of the incubation mixtures was 1%, which has been
previously shown to have no (Chauret et al,, 1998) or
minimal (Busby et al., 1999} effect on the activity of
a range of CYP isoforms, including CYP2EI, Reac-
tions were performed at 37 °C for 20 min and stopped
by addition of 50 pl 3M H350..

For chemical inhibition studies, selective inhibitors
of specific CYP isoforms were used al concentrations
to oblain maximum inhibition of the CYP aclivity
of interest with minimal effect on other CYP ac-
tivities (Newton et al., 1995; Eagling et al, 1998;
Sai et al., 2000). Inhibitors and their concentrations
were furafylline (CYPIA2) (5 uM), sulfaphenazole
(CYP2C9) (20 pM), quinidine (CYP2D6) (5 pM),
dicthyldithiccarbamate (DDC) (CYP2E]) (50 pM)
and ketoconazole (CYP3A4) (1 pM). Furafylline and
DDC were pre-incubated with microsomes for 15 min
before addition of substrate. All inhibitors were added
dissolved in water so that the organic selvent concen-
tralion of the incubaticn mixture was not altered.

Incubations of ethylbenzenc with Supersomes™
expressing individual CYP isoforms were conducted
using the same incubation conditions described above
at a concentration of 50pmol CYP/ml, which has
previously been shown to be within the linear range
with respect to rate of metabolism for model sub-
strates. In initial experiments metabolile formation
at 500 pM cthylbenzene was monitored to identify
the CYP isoforms that contribute to ethylbenzene
metabolism. In subsequent experimenis the kinelics
of 1-phenylethanol produclion by selected CYP iso-
forms over a range of ethylbenzene concentrations
{10-500 pM) were determined,

2.4. Metabolite analysis

After addition of 3M H;S0,4, incubations were
cenfrifuged to pellet the microsomal protein, and
the supernatant was transferred to clean vials. Stan-
dards of 1-phenylethanol in 50 mM phosphate buffer
(pH 7.4) were prepared in the same volume as the
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samples, over the concentration range 0-50 pM, and
50 pul 3 M HaS0O4 was added. A linear relationship be-
tween metabolite concentration and chromatographic
peak height wes achicved over this range (data not
shown). Samples were anelysed by HPLC using a
Hewlett-Packard model 1050 fitted with a diode ar-
ray detector. A Sphereclone ODS(2) 5pum column
(250 mm x 4.6 mm) (Phenomenex, Macclesfield, UK)
was used in conjunction with a Bondapak C18 guard
column. The mobile phase consisted of 20% acetoni-
trile in water containing 0.25% (v/v) orthophosphoric
acid, at a flow rate of 1 ml/min. The injection volume
was 100 p.] and the metabolite was detected at 200 nm.

2.5. Data analysis

Analysis of the kinetics of metabolite formation was
performed by inspection of Eadie~Hofstee plots and
by iterative non-linear least squares regression analy-
sis using GraphPad Prism version 3.00 for Windows
(GraphPad Software, San Diego CA, USA). One- and
two-site models incorporating the Michaelis—Menten
equation were fitted to the data and the goodness of
fit of each model evaluated.

3. Resulls
3.1, Analytical and experimental precision

The limit of detection for 1-phenylethanol was
50pmol (0.5 tM). At 500pmol (5 uM), the coef-
ficient of variation of the assay was 4.5% within
batch (n = 6} and 14% between batches (n = 14),
Experimental precision for duplicate microsomal
incubations from separate experiments analysed in-
dependently was 7% at I1mM (r = 3) and 20% at
50 M ethylbenzene (n = 5).

3.2. Ethylbenzene metabolism by human liver
microsonies

The microsomal protein concentration and incuba-
tion time used in (his study were both within linear
ranges determined in preliminary experiments. No
metabolile was detected when incubations were car-
ried out in the absence of an NADPH-generating
system.
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Fig, 1, Eadic-Holstec plows for the human liver micrasomal

metabolism of ethylbenzene 1o 1-phenylethanel.

The kinetics of ecthylbenzene metabolism to
I-phenylethanol were investigated in human liver
microsomes from seven donors. Eadie-Hofstee plots
indicated that the reaction exhibited biphasic kinetics,
with a hiph and low-affinity component (Fig. 1). Fits
of the two-site Michaclis—Menten equation to the dala
are shown in Fig. 2 and kinetic constanls obtained
by regression analysis are presented in Table 2. For

1-phenylethanol
pmolmin/mg
microsomal protein

the high-affinity component, the individual kinetic
constants K, and Vg had coefficients of varia-
tion (CV) = 36% and 40%, respectively. However
vanation in intrinsic clearance (Vpax/Km) for this
component was considerably lower (CV = 18%).

One microsomel preparation (MIC259002) was
found to give a noticeably less curved Eadie-Hofstee
plot and also metabolised ¢thylbenzene at a con-
siderably higher rate than the other preparations
(high-affinity Vo = 2922 pmol/min/mg). It also
showed an increased Ky for the high-affinity compo-
nent (33 uM). However, this liver displayed steatosis,
which can progress to cirrhosis, and is often a result of
alcoholism, obesity or diabetes mellitus. Because of
these anomalies, data oblained using this preparation
were omitted from the descriptive statistics,

31.3. Correlation and inhibitor studies

Kinetic constanl V5 for high-affinity ethylbenzene
metabolism was found to correlate significantly with
chlorzoxazone hydroxylasc activity (Spearman ry =
0.83, P<0.05,n=17).

Addition of DDC (50 uM) to microsomal in-
cubations inhibited 1-phenylcthanol production by
79%—95% at an ethylbenzene concentration of 20 pM
(mean inhibition = 86%; n = 4). The ICsp for DDC
inhibition of I-phenylethanol preduction was deter-
mined to be 6.2 pM in a single microsome preparation
(MI1C259018). However, at an ethylbenzene concen-
tration of 1 mM, DDC inhibition of 1-phenylethanol
production decreased to between 57% and 82%
(mean = 68%, n = 4).

MIC259002
MIC259006
MIC259007
MIC259009
MIC259015
MIC252018
MIC25%02]

“« & & p a D +4

0 500

IOII}O 1500 2000 5000

Ethylbenzene pM

Fig. 2. Michaclis-Menien plols for the human liver microsomal melabolism of cthylbenzene to |-phenylethanol (mean + S.EM., i = PR

2 of the lines was =>0.987.
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Table 2
Kinetic dala for melabolism of cthylbenzene 1o 1-phenylethanol in human liver micresames

High aflinity Low affinity

K {(uM) Vmax (pmol/min/mg) Vax/Kn® Km (pM) Vinax (pmol/min/mg) Vinax K
MIC259015 8.2 707 86.2 251 1941 7.7
MIC259018 13.4 1167 87.1 582 2394 4.1
MIC25902] 6.4 "7 112.0 355 2923 8.2
MIC259006 54 359 66.5 327 4259 13.0
MIC259007 4.1 473 175 364 3554 9.8
MIC259009 8.5 708 833 467 3160 6.8
MIC259002 [33] [2922] [BB.5] [391] [1901] [4.91
Mcan 8.0 689 85.4 9 3038 83
S.D. 2.9 278 15.1 17 825 3.0
" 6 6 5 6 6 6

Fipgures in brackets were omilted from the descriptive statistics.
% In pVmin/mg microsomal protein,

Even in the presence of DDC the microsomal
metabolism of ethylbenzene gave non-linear Eadie-
Hofsiee plots. Further invesligation using pooled
human liver microsomes (from 22 individual donors)
and e range of selective CYP inhibitors showed
that at low ethylbenzenc concentrations (20 pM)
only DDC significantly inhibited production of -
phenylethanol. However, at high ethylbenzene con-
centrations (1 mM), furafylline and sulfaphenazole, as
well as DDC, inhibited !-phenylethanol production
(Table 3).

3.4. Ethylbenzene metabolism by recombinant
human CYPs

Preliminary experiments using 500 pM ethyl-
benzene showed that CYPIA2 and 2B6 exhibited

Table 3

the highest rate of metabolism (43.5 and 48 pmol/min/
pmol P450, respectively). Less activity was de-

lected with the other CYP isoforms investigated

(CYP2A6 = 9.5 pmol/min/pmol P450, CYP2C9 =
3.0, CYP2CI9 = 19.5, CYP2D6 = 10.5, CYP2El =
7.0, CYP3A4 = 0.5) while control Supersomes™
(containing no recombinant CYP) did not produce any
1-phenylethanol. The kinetics of 1-phenylethanol pro-
duction were subsequently determined for CYP1A2,
2A6, 2B6, 2C19 end 2El. Eadie-Hofstee plots
for individual recombinant CYPs arc presented
in Fig. 3. Kinetic constants derived by fitting the
Michaelis-Menten equation to the cxperimental
data are shown in Table 4. The rate of chorzoxa-
zone oxidation by the recombinant CYP2E! prepa-
ration was determined to be 9.0 pmol/min/pmol
P450.

Inhibition of 1-phenylethano! production by selective chemical inhibitors in pooled human liver microsomes (mean of duplicate data) a1
two concentrations of cthylbenzene, correspending to the high and low-affinity components of metabolism

Inhibitar Concentration (pM) CYPF isoform [nhibition (%)
20 pM 1000 pM
cihylbenzene cthylbenzenc
Furafylline 5 1A2 7 28
Sulfaphenazole 20 Y 0 14
Quinidine 5 2D6 0 4
DDC 50 2E| 84 0
Ketaconazole 1 3A4 0 7
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Fig. 3. Eadie-Hofsice plois of ethylbenzene metabolism 10
|-phenylethanel catalysed by indivigually expressed recambinant
CYPLA2, 2A6, 284, 2C19 and 2E1 (mean of duplicate dats points),

Table 4

Enzyme kinetic consiants for metabolism of clhylbenzene to |-
phenylethanol by individually cxpressed buman CYPLA2, 246,
2B6, 2C19 and 2E1

CYP Km (pM) Vmnax (pmolfmin/pmol P450) Voud'Km
lA2 502 88 0.8
2A6 622 15 0.02
286 219 71 0.32
2C1% 650 41 0.06
2EI 35 7 0.20

4. Discussion

We present human liver microsomal data for the
initial step of ethylbenzene metabolism, namely
side chain oxidation to form l-phenylethanol. Our
findings suggest strongly that, like many other low
melecular weight chemicals, ethylbenzene is predom-
inantly metabolised by CYP2E!l (Guengerich et al.,
1991). However, in common with other structurally
rclated compounds including xylene and toluene,
ethylbenzene metabolism exhibiled biphasic kinetics
characterised by a high- and a low-affinity compo-
nent (Tassanceyakul et al,, 1996). The high-affinity
component of ethylbenzene metabolism was almost
completely inhibited by the CYP2EI inhibitor DDC,
The concentration of DDC used in this study (50 M)
has been shown previously to inhibit CYP2E] activity
in human liver microsomes by about 80% while caus-
ing less than 20% inhibition of other CYPs including
CYPLAZ and 2C9 (Eagling et al., 1998). This con-
centration of DDC was also found to cause 50% in-
hibition of CYP3A4 (Eagling et al., 1998). However,
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the lack of inhibition by ketoconazole found in the
present study indicates that CYP3A4 is not active in
ethylbenzene metabolism. A study using recombinant
CYP isoforms indicated that DDC was not a selective
inhibitor of CYP2E]1 (Sai et al., 2000); since CYP2AS
and CYP2CI19 were also significantly inhibited at the
concentration of DDC. Thus, the panel of inhibitors
used in the present study cannot eliminate the possi-
ble contribution of these two CYP isoforms (o high-
affinity cthylbenzene metabolism. Inhibitor studies
indicated that CYPIA2, and to a lesser degree
CYP2C9, may be responsible for catalysing the
low affinity, high K, component of ethylbenzene
metabolism. )

Subsequent investigations using microsomes pre-
pared from insect cells expressing recombinant hu-
man CYP isoforms showed that CYP1A2, 2B6, 2C19,
and to a much lesser degree other CYPs, were able to
metabolise ethylbenzene 1o 1-phenylethanol, in addi-
tion to CYP2EI. Kinetic constants derived from incu-
bations using recombinant CYPs showed that CYP2EI
had between 6- and 19-fold lower Ky, for ethylbenzene
than the other CYPs investigated but ¥y, was also ap-
proximately 10-fold lower than that for CYP1A2 and
2B6 and six-fold lower than that for CYP2C19. This
finding is consistent with CYP2E] possessing high
affinity but low capacity to meltabolise ethylbenzene
to 1-phenylethanol.

The rate of ethylbenzene metabolism by recom-
binant CYP2E] appears to be low in comparison
to some of the other CYP isoforms investigated.
However, similar activity was found for the model
CYP2EL! substrate chlorzoxazone. We determined the
rate of chlorzoxazone hydroxylation to be 1.3-fold
higher than that of ethylbenzene hydroxylation in
microsomes containing recombinant CYP2E), This
difference is similar to human liver microsome prepa-
rations, where the mean rate of chlorzoxazone hy-
droxylation was 2.5-fold greater than the high-affinity
Vioax for ethylbenzene metabolism.

Data obtained using recombinant CYP] A2, together
with inhibition by furafylline of |-phenylethanol pro-
duction at high ethylbenzene concentrations, indicated
a role for CYPIA2 as a low affinity, high capacity
enzyme. -CYP2B6 and to a lesser degree, CYP2CI9
also appeared to contribute to the low-affinity com-
ponent of ethylbenzene metabolism. The differemt
Ky, values observed for these three CYPs explain the
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non-lincar Eadie-Hofstee plots obtained for ethyl-
benzene metabolism under conditions of CYP2EL
inhibition by DDC, Data obtained using recombinant
CYP2AG6 indicale that this isoform has low activity
and low affinity for ethylbenzene, thus it makes a
negligible contribution to overall metabolism. This
finding has significance for the interpretation of
chemical inhibition by DDC. Potential non-specific
inhibition of CYP2A6 by DDC (Sai et al., 2000)
can be discounted in this study, as ethylbenzene is
not a good substrate for the enzyme. These data,
together with a significant correlation between the
high-affinity component of ethylbenzene metabolism
and chlorzoxazone hydroxylation, support the conclo-
sion that CYP2EI is the major isoform catalysing the
high-affinity component of ethylbenzenc metabolism.
Scaling data from recombinant CYP isoforms to
intact liver microsomes can be problematic, due
to diffcrences in the degree of expression of indi-
vidua] CYPs and in umover numbers between the
two systems (Venkatakrishnan et al., 2000). How-
ever, involvement of CYP2B6 and 1A2 in the low-
affinity component of metabolism of structurally
related chemicals to ethylbenzenc has been previously
demonstrated. Thus, CYP1A2 was shown to catalyse
the side chain oxidalion of toluene to benzylalcohol
at high concentrations (Kim ct al,, 1997) and the side
chain oxidation of styrenc to styrene glycol at high
concentrations has been shown to be catalysed by
CYP2B6 (Nakajima et al., 1994; Kim et al,, 1997).
Despite the finding that CYP1A2 and 2B6 can con-
tribute to ethylbenzene metabolism, in practice only
CYP2EI metabolism is likely to be physiologically
relevant becawse of the higher affinity of this isoform
and the improbability of saturation occurring during
occupational or environmental exposure. Exposure to
cthylbenzene vapour at 100 ppm for 8 h gave rise to a
concentration of 1.5 mg/l (14 M) in blood (Lauwerys
and Hoet, 2001). The involvernent of CYP2E] in the
initial step of ethylbenzene metabolism has signif-
icance for the interpretation of biological monitor-
_ing data. CYP2E! is known to have wide variation
within human populations, primarily due to enzyme
induction in response to fasting, diabetes or alco-
hol consumption (Kadlubar and Guengerich, 1992).
CYP2EI activity can also be inhibited in vivo ei-
ther by dietary intake of alcohol and chemicals such
as diallyl sulphate from garlic (Loizou and Cocker,
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2001}, or by pharmaccuticals such as chlormethia-
zole (Gebhardt et al., 1997} and disulfiram (Kharasch
et al., 1993). In the present work, six of the microso-
mal preparations appear to be from normal individ-
uals constitutively expressing CYP2E], whereas one
preparation (MIC259002) was obtained from a donor
showing ecarly symptoms of liver cirrhosis, a disease
commonly resulting from alcoholism, obesity or di-
abetes mellitus where induction of CYP2E] may be
expecled (Farrell, 1999; de la Maza et al.,, 2000). The
Vmax value for the CYP2El-catalysed high-affinity
component was greater than four-fold in this microso-
mal preparation compared lo the other preparations.
More kinetic data using microsomes prepared from
steatotic livers or from donors with diabetes mellitus
or alcoholics would help to assess further the effect
of CYP2E] induction on ¢thylbenzene metabolism.
The kinetic dala presented in this paper are suitable
for incorporation inlo mathematical models, such as
PBPK models, to describe the fale of ethylbenzene in
vivo. These models allow incorporation of bickinctic
data, such as cnzyme kinetic conslants, with physio-
logical parameters, such as organ size and perfusion
rate (Hissink et al., 2002; Lipscomb and Kedderis,
2002; Blaauboer, 2003). Thus, the variability in the
rate of CYP2E|-catalysed high-affinity metabolism of
ethylbenzene lo 1-phenylethanol observed in this study
can be uscd to improve the setting of occupational ex-
posure limits and guidance values for biological mon-
itoring. In addition, these data contribuie to the more
general understanding of population variability in en-
zyme kinetics for low molecular weight solvents,
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Abstraci

The enzyme kinetics of the initial hydroxylation of ethylbenzene to form 1-phenylethanol were determined in human liver
microsomes. The individual cylochrome P450 {CYP) forms calalysing this reaction were identified using selective inhibilors
and recombinant preparations of hepatic CYPs.

Production of I-phenylethancl in hepatic microsomes exhibited biphasic kinetics with a high affinity, low X, compo-
neat (mean Ky = 8 uM; Vi, = 689 pmol/min/mg protein; n = 6 livers) and a low affinity, high K., compenent (K, =
391 pM; Vo = 3039 pmoVmin/mg pretein; 1 = 6). The high-affinity component was inhibited 79%-95% (mean 86%) by
diethyldithiocarbamate, and recombinamt CYP2E! was shown to metabolise ethylbenzene with low K, (35 M), but also low
Vo {7 pmol/min/pmol P450), indicaling that this isoform catalysed the high-affinity component. Recombinant CYP1A2 and
CYP2B6 exhibiled high Vi (88 and 7 pmol/min/pmel P450, respectively) and high X, (502 and 219 pM, respectively),
suggesting their involvement in catalysing the low-affinity component,

This study has demonstrated that CYP2E| is the major enzyme responsible for high-affinity side chain hydroxylation of
cthylbenzene in human liver microsomes. Activity of this enzymc in the population is highly variable duc to induction or
inhibition by physiological factors, chemicals in the diet or some pharmaceuticals. This variability can be incorporated into the
risk assessment process lo improve the setting of occupational exposure limits and guidance values for biological monitgring,
© 2003 Elscvier Ireland Lid. All rights reserved. '

Keywards: Biological moniloring; Cytochrome P450; Ethylbenzene

1. Introduction toluene), an intermediate in the synthesis of styrene,

a raw material for the preduction of rubber and plas-

Ethylbenzene is a commonly used chemical with
several industrial applications. I is a solvent (often
mixed with other aromatic solvents such as xylene and

* Comresponding author, Tel: +44-114-289-2725;
fax: +44-114-289-2768.
E-mail address: craig.sams@hsl.gov.uk (C. Soms).

tics, and an additive to some fuels (Cavender, 1994,
WHO, 1996). The absorption of ethylbenzene in ex-
posed workers arises mainly via inhalation, and to a
much lesser extent through the dermal route (Gromiec
and Piotrowski, 1984; Fishbein, 1985). Ethylbenzene
has low acute and chronic toxicity, but it acts as a
central nervous system depressant at high doses and

0378-4274/8 — sce [ronl matter © 2003 Elsevier Trelond Lid. All rights reserved,

doit10.1016/j.toxle1.2003.11.010
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can cause mild irritation of the mucous membranes
and eyes (WHO, 1996). Therefore, it is important to
control and minimise worker exposure to ethylben-
Zene. Its metabolites can be detected in urine, and
the major product, mandelic acid, is recommended
for biological monitering of ethylbenzene {(ACGIH,
2000).

Human in vive studies have shown that mandelic
acid and phenylglyoxylic acid arc the major urinary
metabolites following inhalation exposure to ethyl-
benzene (Bardodej and Bardodejova, 1970; Engstrom
et al., 1984). These metabolites result from initial
hydroxylation of the side chain of ethylbenzene, fol-
lowed by further oxidation. Some minor ring oxida-
tion metabolites have also been detected in urine, but
these account for less than 5% of total metabolites
(Engstrom ct al., 1984).

Knowledge of the toxicokinetics of a chemical and
the individual enzymes involved in its metabolism
can improve interpretation of biological monitor-
ing results and risk assessment by predicling the
range of biotransformation rates that might be ex-
pected in the general population. In vitro metabolic
systems, such as liver microsomes, have been exten-
sively employed to study rates of biotransformation
and data can be scaled to predict in vivo clearances
(Houston, 1994; MacGregor et al., 2001). As pant of
ongoing studies of industrial solvents, the In vitro
melabolism of ethylbenzene has been investigated in
human liver microsomes obtained from individual
donors. The aims of this study were lo determine the
- kinetic parameters for the initial oxidation of ethyl-
benzene to 1-phenylethanol and 10 characterise the
forms of cytochrome P450 (CYP) involved in this
reaction.

Table 1
Human liver microsomes: donor demographics

2. Methods
2.1. Chemicals

Ethylbenzene and its metabelite, 1-phenylethanol,
were oblained from Sigme—Aldrich (Gillingham, UK).
All other chemicals used were of analytical grade or
better.

2.2. Human liver microsomes and recombinant
human cytochrome P450 isoforms

Human liver microsomes were oblained from TCS
Cellworks (Botolph Claydon, UK; distributors for
BicoPredic, Rennes, France). Collection and process-
ing of human tissue was conducted in compliance
with all current regulatory and ethical requircments,
Microsomes were characterised for activity towards a
range of model CYP substrates. Donor demograph-
ics are presented in Table 1. Microsomes prepared
from Baculovirus-infecled insect cells expressing
recombinant human CYP1A2, 2A6, 2B6, 2C9*I
(Argraa), 2C19, 2D6"], 2El and 3A4 co-cxpressed
with cytochrome P450 reductase/cytochrome bs
{Supersomes™) were obtained from Cambridge Bio-
science {Cambridge, UK; distributors for Gentest
Corp., Woburn, USA).

2.3, In vitro metabolism of ethylbenzene

Kinetic experiments were performed by incu-
bation of ethylbenzene (final concentration range
10-5000 M) with human liver microsomes. Incu-
balion mixtures contained 1.3 mM NADP, 3.3 mM
glucose-6-phosphate, SmM magnesium chloride,

Palicnt 1D Age Sex Dingnosis Total CYP Rate of chlorzoxazene
(pmol/mg hydroxylation
protein} {nmol/min/mg}

MIC259015 62 F Liver melasiasis 659 2.1

MIC259018 - F - 434 2.1

MIC259021 45 F Angioma 57 1.6

MIC252006 53 M Myoecardial infarction 434 1.4

MIC259007 52 M Angioma - 539 1.4

MIC259009 74 M Liver melastasis 629 1.6

MIC259002 7 M Stealosis 663 7.1
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0.4 U/ml glucose-6-phosphate dehydrogenase, 50 mM
phosphate buffer (pH 7.4) and 0.25 mg microsomal
protein in a total volume of 0.5 ml. Incubations were
performed in duplicate at each concentration. Incuba-
tion mixtures were pre-incubated at 37 °C for 3 min
and reactions were started by addition of ethylbenzenc
dissolved in acetonitrile. The final acetonitrile content

of the incubation mixtures was 1%, which has been

previously shown 10 have no (Chauret et al., 1998) or
minimal (Busby et al., 1999) effect on the activity of
a range of CYP isoforms, including CYP2E1. Reac-
tions were performed at 37 °C for 20 min and stopped
by addition of 50 ul 3 M H25804.

For chemical inhibition studies, selective inhibitors
of specific CYP isoforms were used at concentrations
to oblain maximum inhibition of the CYP activity
of interest with minimal effect on other CYP ac-
tivities (Newton et al., 1995; Eagling et al,, 1998;
Sai et al., 2000). Inhibitors and their concentrations
were furafylline (CYP1A2) (5 uM), sulfaphenazole
(CYP2C9) (20 pM), quinidine (CYP2D6) (5 pM),
diethyldithiocarbamate (DDC) (CYP2E1)} (50 nM)
and ketoconazole (CYP3A4) (1 pM). Furafylline and
DDC were pre-incubated with microsomes for 15 min
before addition of substrate. All inhibitors were added
dissolved in water so that the organic solvent concen-
tration of the incubation mixture was not altered.

Incubations of cthylbenzene with Supersomes™
expressing individual CYP isoforms were conducted
using the same incubation conditions described above
at a concentration of 50pmol CYP/ml, which has
previously been shown to be within the linear range
with respect to rate of melabolism for model sub-
strates. In initial experiments metabolite formation
at 500 uM ethylbenzene was monitored to identify
the CYP isoforms that contribute to ecthylbenzene
metabolism. In subsequent experiments the kinetics
of 1-phenylethanol production by selected CYP iso-
forms over a range of cthylbenzene concentrations
(10-500 p.M) were determined.

2.4. Metabolite analysis

After addition of 3M HaS04, incubations were
centrifuged to pellet the ‘microsomal protein, and
the supernatant was transferred to clean vials. Stan-
dards of 1-phenylethanol in S0mM phosphate buffer
{pH 7.4) were prepared in the same volume as the
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samples, over the concentration range 050 uM, and
50 pl 3 M Hy804 was added. A linear relationship be-
tween metabolite concentration and chromatographic
peak height was achicved over this range (data not
shown). Samples were analysed by HPLC using a
Hewlett-Packard model 1050 fitted with a diode ar-
ray detcctor, A Sphereclone ODS(2) 5 pm columm
(250 mm x 4.6 mm) (Phenomenex, Macclesfield, UK)
was used in conjunction with a Bondapak C18 guard
column. The mobile phase consisted of 20% acetoni-
trile in water containing 0.25% (v/v) orthophosphoric
acid, at a fAlow rate of 1 ml/min. The injection volume
was 100 ] and the metabolite was detected at 200 nm.

2.5. Data analysis

Analysis of the kinctics of metabolite formaltion was
performed by inspection of Eadie—Hofstee plots and
by iterative non-linear least squares regression analy-
sis using GraphPad Prism version 3.00 for Windows
(GraphPad Software, San Diego CA, USA). One- and .
two-site models incorporating the Michaclis—Menten
equation were fitted to the data and the poodness of
fit of each model evaluated.

3. Results
3.1. Analytical and experimental precision

The limit of detection for 1-phenylethanol was
50pmol” (0.5 pM). At 500pmol (5 uM), the coef-
ficient of variation of the assay was 4.5% wilhin
batch (n = 6) and 14% between batches (n = 14).
Experimental precision for duplicatc microsomal
incubations from separale experiments analysed in-
dependently was 7% at 1 mM (n 3) and 20% at
50 M ethylbenzene (n = 5).

3.2. Ethylbenzene metabolism by human liver
microsomes

The microsomal protein concentration and incuba-
tion time used in this study were both within lincar
ranges determined in preliminary experiments. No
metabolite was detected when incubations were car-
ried out in the absence of an NADPH-generaling
system. '
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Fig. 1. Eadie-Hofslee plots for the human liver microsomni
metabolism ol ethylbenzene 1o 1-phenylethancl,

The kinetics of ethylbenzene metabolism to
1-phenylethanol were investigated in human liver
microsomes from seven donors. Eadie—Hofstee plots
indicated that the reaction exhibited biphasic kinetics,
with a high and low-affinity component (Fig. 1). Fits
of the two-site Michaelis—-Menten equation to the data
are shown in Fig. 2 and kinetic constanis oblained
by regression analysis are presented in Table 2. For
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the high-affinity component, the individual kinetic
constants K, and Fhax had coefficients of varia-
tion (CV) = 36% and 40%, respectively. However
variation in intrinsic clearance (Vipx/Km) for this
component was considerably lower (CV = 18%).

One microsomal preparation (MIC259002) was
found to give a noticeably less curved Eadie—Hofstee
plot and also metabolised ethylbenzene at a con-
siderably higher rate than the other preparations
(high-affinity Vi = 2922 pmol/min/mg). 1t also
showed an increased Ky, for the high-affinity compo-
nent (33 wM). However, this liver displayed steatosis,
which can progress to cirrhosis, and is often a result of
alcoholism, obesity or diabetes mellitus. Because of
these anomalies, data obtained using this preparation
were omitted from the descriptive statistics,

3.3. Correlation and inhibitor studies

Kinctic constant Fnax for high-affinity ethylbenzene
metabolism was found to correlate significantly with
chlorzoxazone hydroxylase activity (Spearman r, =
0.83, P<0.05,n="7).

Addition of DDC (50 oM) to microsomal in-
cubations inhibited l-phenylethanol production by
79%—95% at an ethylbenzene concentration of 20 pM
(mean inhibition = 86%; n =-4). The ICsp for DDC
inhibition of 1-phenylethanol production was deter-
mined to be 6.2 uM in a single microsome preparation
(MIC259018). However, at an cthylbenzene concen-
tration of 1 mM, DDC inhibition of 1-phenylethanol
production decreased to betwcen 57% and 82%
(mean = 68%, n = 4).

—_— v MIC259002
o MIC259006
g"’"—"‘ ¢ MIC259007
+ MICZ52009
— v MIC259015
* MIC259018
* MIC259021]

0 500 1000

ISII]D ZDIO{I; 5000

Ethylbenzene pM

Fig. 2. Michaelis-Menten plois for the buman liver microsomal melabolism of cthylbenzene 1o |-phenylethano! (mean £ S EM., n = 2}

A of the lines was >0.987.
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Table 2
Kinetic data for metabelism of ¢thylbenzene o 1-phenylethanol in human liver microsomes

High affinivy Low affinity

Km (pM) Ve (pmolminmeg) Fmax/Km® K (pM) Vinae {pmol/min/mg) Vmaz/Km?
MIC2590] 5 8.2 707 86.2 251 1941 7.7
MIC259018 134 1167 87.1 582 2394 4.1
MIC259021 6.4 717 112.0 35§ 2523 82
MIC252006 5.4 359 66.5 3217 4259 13.0
MIC259007 6.1 473 77.5 304 1554 2.8
MIC259009 8.5 708 833 467 3160 6.8
MIC255002 [33] [2922] [88.5] [391] [1901] [4.9]
Mean 3.0 689 85.4 18] 3039 83
5.D. 29 278 15.1 117 825 30
n 6 6 6 [ & _ 6

Figures in brackets were omitied [rom the descriptive statistics.
* In pl/min/mg microsomal protcin.

Even in the presence of DDC the microsomal
metabolism of ethylbenzene gave non-lincar Eadie-
Hofstee plots. Further investigation using pooled
human liver microsomes (from 22 individual donors)
and a range of selective CYP inhibitors showed
that at low ecthylbenzene concentrations (20 M)
only DBC significantly inhibited production of 1-
phenylethanol. However, at high cthylbenzene con-
centrations (1 mM), furafylline and sulfaphenazole, as
well as DDC, inhibited 1-phenylethanol production
(Table 3). '

3.4. Ethylbenzene metabolism by recombinant
human CYPs

Preliminary experiments using 500I|.|.M ethyl-
benzene showed that CYP1A2 and 2B6 exhibited

Table 3

the highest rate of metabolism (43.5 and 48 pmol/min/
pmol P450, respectively). Less activity was de-
tected with the other CYP isoforms investigated
(CYP2A6 = 9.5 pmol/min/pmol P450, CYP2CY =
3.0, CYP2C19 = 19.5, CYP2D6 = 10.5, CYP2E! =
7.0, CYP3A4 = 0.5) while control Supersomes™
(containing no recombinant CYP) did not produce any
1-phenylethanol. The kinetics of 1-phenylethanol pro-
duction were subsequently determined for CYP1A2,
2A6, 2B6, 2C19 and 2El. Eadie-Hofstee plots
for individual recombinant CYPs are presented
in Fig. 3. Kinetic constanis derived by fitting the
Michaelis-Menten equation to the experimental
data are shown in Table 4. The rate of chorzoxa-
zone oxidation by the recombinant CYP2EI prepa-
ration was determined to be 9.0 pmol/min/pmol
P450.

Inhibitien of |-phenylethenel productien by selective chemical inhibilors in pooled human fiver microsames (mean of duplicate data) al
two concentrations of elhylbenzene, corresponding to the high and low-affinity components of melabelism

Inhibitar Concenlration (pM} CYP isoferm Inhibition (%)
20 M 16000 M
cthylbenzene clhylbenzene
Furnfylline 5 1A2 7 28
Sulfaphenazole 20 2C9 0 14
Quinidine 5 D6 0 4
DDC 50 2El 84 10
Kcloconozole 1 3Ad g 7
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Table 4

Enzyme kinetic conswsnis for metabolism of ethyibenzene 10 1-
phenylcthanel by individuolly expressed human CYP1A2, 2A6,
2B6, 2C19 and 2EI

Vinaz (pmolimin/pmol P450)

CYP Ky (pM) Viax/Km
1A2 502 88 0.18
246 622 15 0.02
2B6 219 71 0.32
C19 650 41 0.06

. 2El 35 7 020

4, Discussion

We present human liver microsomal data for the
initial step of ethylbenzenc metabolism, namely
side chain oxidation to form ]-phenylethanol. Qur
findings suggest strongly thai, like many other low
molecular weight chemicals, ethylbenzene is predom-
inantly metabolised by CYP2EI (Guengerich et al.,
1991). However, in common with other structurally
related compounds including xylenc and toluene,
cthylbenzene metabolism exhibited biphasic kinetics
characterised by a high- and a low-affinity compo-
nent (Tassaneeyakul et al., 1996). The high-affinity
component of cthylbenzene metabolism was almost
completely inhibited by the CYP2E| inhibitor DDC.
The concentration of DDC used in this study (50 pM)

“has been shown previously to inhibit CYP2EI activity
in buman liver microsomes by about 80% while caus-
ing less than 20% inhibition of other CYPs including
CYP1A2 and 2C9 (Eagling et al,, 1998). This con-
centration of DDC was also found to cause 50% in-
hibition of CYP3A4 (Eagling et al., 1998). However,
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the lack of inhibition by ketoconazole found in the
present study indicates that CYP3A4 is not active in
ethylbenzene metabelism. A study using recombinant
CYP isoforms indicated that DDC was not a setective
inhibitor of CYP2EI (Sat et al., 2000); since CYP2AG
and CYP2C19 were also significantly inhibited at the
concentration of DDC. Thus, the panet of inhibitors
used in the present study cannot eliminate the possi-
ble contribution of these two CYP isoforms to high-
affinity ethylbenzene metabolism. Inhibitor studies

. indicated that CYPl1A2, and to a lesser degree

CYP2C9, may be responsible for catalysing the
low affinity, high X, component of ethylbenzene
metabolism.

Subsequent investigations using microsomes pre-
pared from inscct cells expressing recombinant hu-
man CYP isoforms showed that CYP1A2, 2B6, 2C19,
and to a much lesser degree other CYPs, were able to
metabolise ethylbenzene to |-phenylethanol, in addi-
tion to CYP2E]. Kinetic constants derived from incu-
bations using recombinant CYPs showed that CYP2E]
had betwecen 6- and 19-fold lower K, for ethylbenzene
than the other CYPs investigated but ¥, was also ap-
proximately 10-fold lower than that for CYP1A2 and
2B6 and six-fold lower than that for CYP2CI9. This
finding is consistent with CYP2E! possessing high
affinity but low capacity to metabolise ethylbenzene
to l1-phenylethanol.

The rate of cthylbenzene metabolism by recom-
binant CYP2El appears o be low in comparison
to some of the other CYP isoforms investigated.
However, similar activity was found for the model
CYP2E! substrate thlorzoxazone. We determined the
rate of chlorzoxazone hydroxylation to be 1.3-fold
higher than that of ethylbenzene hydroxylation in
microsomes conlaining recombinant CYP2E]. This
difference is similar to human liver microsome prepa-
rations, where the mean rate of chlorzoxazone hy-
droxylation was 2.5-fold greater than the high-affinity
Vmex for ethylbenzene metabolism.

Data obtained using recombinant CYP1A2, together
with inhibition by furafylline of |-phenylethanol pro-

“ duction at high ethylbenzene concentrations, indicated

a role for CYPIA? as a low affinity, high capacity
enzyme. CYP2B6 and to a lesser degree, CYP2C19
also appeared to contribute to the low-affinity com-
ponent of ethylbenzene metabolism. The different
K values observed for these three CYPs explain the
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non-linear Eadie-Hofstee plots obtained for ethyl-
benzene metabolism under conditions of CYP2EI
inhibition by DDC. Data obtained using recombinant
CYP2A6 indicate that this isoform has low activity
and low affinity for ethylbenzene, thus it makes a
negligible contributicn to overall metabolism. This
finding has significance for the interpretation of
chemical inhibition by DDC. Potential non-specific
inhibition of CYP2A6 by DDC (Sai et al., 2000)
can be discounted in this study, as ethylbenzene is
not a good substrate for the enzyme. These data,
togelher with a significant correlation between the
high-affinity component of ethylbenzene metabolism
and chlorzoxazone hydroxylation, support the conclu-
sion that CYP2EI is the major isoform catalysing the
high-affinity component of ethylbenzene metabolism,
Scaling data from recombinant CYP isoforms to
intact liver microsomes can be problematic, due
to differences in the degree of expression of indi-
vidual CYPs and in turnover numbers between the
two systems (Venkatakrishnan ct al, 2000). How-
ever, involvement of CYP2B6 and [A2 in the low-
affinity component of metabolism of strucrurally
related chemicals to ethylbenzene has been previously
demonstrated. Thus, CYP1A2 was shown to catalyse
the side chain oxidation of toluene to benzylalcohol
at high concentrations (Kim et al., 1997) and the side
chain oxidation of styrene to styrenc glycol.at high
concentrations has been shown to be catalysed by
CYP2B6 (Nakajima et al., 1994; Kim et al., 1997).
Despite the finding that CYP1A2 and 2B6 can con-
tribute to ethylbenzene metabolism, in practice only
CYP2E] metabolism is likely to be physiclogically
relevant because of the higher affinity of this isoform
and the improbability of saturation occurring during
occupational or environmental exposure. Exposure to
ethylbenzene vapour at 100 ppm for 8 h gave rise o a
concentration of 1.5 mg/1 (14 M) in blood (Lauwerys
and Hoet, 2001}. The involvement of CYP2E] in the
initial step of ethylbenzene metabolism has signil-
icance for the interpretation of biclogical monitor-
ing data. CYP2EI is known to have wide variation
within human populations, primarily due to enzyme
induction in response to fasting, diabetes or alco-
hol consumption (Kadlubar and Guengerich, 1992).
CYP2E] activity can also be inhibited in vivo ei-
ther by dietary intake of alcohol and chemicals such
as diallyl sulphate from garlic (Loizou and Cocker,
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2001), or by pharmaceuticals such as chlormethia-
zole (Gebhardt et al., 1997) and disulfiram (Kharasch
et al., 1993). In the present work, six of the microso-
mal preparations appear to be from normal individ-
uvals constitutively expressing CYP2E], whereas one
preparation (MIC259002) was obtained from a donor
showing early symptoms of liver ¢irrhosis, a disease
commonly resulting from alcoholism, obesity or di-
abetes mellitus where induction of CYP2E] may be
expected (Farrell, 1999; de la Maza et al., 2000). The
Vmax value for the CYP2El-catalysed high-affinity
component was greater than four-fold in this microso-
mal preparation compared to the other preparaticns.
More kinetic data using microsomes prepared from
steatolic livers or from donors with diabetes mellitus
or alcoholics would help to assess furlher the effect
of CYP2EI induction on ethylbenzene metabolism.
The kinetic data presented in this paper are suitable
for incorporation into mathematical models, such as
PBPK models, to describe the fate of ethylbenzene in
vivo. These models allow incorporation of biokinetic
data, such as enzyme kinetic conslants, with physio-
logical parameters, such as organ size and perfusion
rate (Hissink et al., 2002; Lipscomb and Kedderis,
2002; Blaauboer, 2003). Thus, the variability in the
rate of CYP2E ! -catalysed high-affinity-metabolism of
ethylbenzene to |-phenylethanol observed in this study
can be used to improve the setting of occupational ex-
posure limits and guidance values for biological mon-
itoring. In addition, these data contribute to the more

" general understanding of population variability in en-
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zyme kinelics for low molecular weight solvents.
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Absiract

Chromosomal aberrations determined by conventional method or fluorescence in situ hybridization (FISH) technique with
whole chromosome painting are used as biomarkers of eflect. Groups occupationally expased to 1,3-butadienc (BD), acrylonitrike,
cthyl benzene and benzene in petrochemical industry, and carcinogenic polycyclic aromatic hydrocarbons (¢-PAHs) from ambicnt
air were followed by conventional method and FISH painting for chromosomes # 1 and # 4, in total 383 subjects, including
controls. No effect was observed by cither method with exposure to 1,3-butadiene < 1 mg/m® and acrylonitrile < 0.3 mg/m’.
Ethyl benzene and benzene exposure significantly increased chromosemal aberrations by both metheds, which decreased aRter the
implementation of preventive measures. The genomic frequency of translocations by FISH calculated as Fg/100 was significantly
increased in city policemen versus control group exposed to c-PAHSs from ambient air (1.724 1.57 versus 1,25+ 1.1 1, P < 0.05).
The method of FISH with whole chromosome painting seems 1o be more sensitive to detect chromosomal injury by eccupational
exposurc lo carcinogens than conventional method.
© 2003 Elsevier Ireland Lid, All rights reserved.
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1. Introduction biological monitoring of the genetic damage induced
in somatic cells by excessive exposures to physical

The conventional cytogenetic analysis of peripheral and chemical clastogenic agents in the workplaces
blood lymphocytes (PBL) has been accepted as a tech- (Carrano and Natarajan, 1988; Albertini et al,, 2000).
nique suitable for the biological monitoring of genetic With a pivotal idea 10 prevent genetic injury in work-
damage in somalic cells since the early 1970s. So far ers and ils expected conscquences, such as an increase
“it has remained the only assay broadly accepted for in cancer rates or in the rates of malformations in

workers’ progeny, the cytogenetic analysis has been
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Soon it became a particularly useful tool to test the
safety of industrial hygienic standards, In many in-
stances, cytogenetic analysis provided the chief argu-
ment used to enforce improved working conditions
(Sram and Kuleshov, 1980; Sram, 1981). In the mid-
dle of 1980s, the Czech Hygiene Service cytogenet-
ically assayed up to 3000 workers yearly, and there
are extensive experiences with this assay in the Czech
Republic.

The exceptionally broad use of cytogenetic analy-
sis in the Czech Republic was facilitated by the fact
that the Hygicne Service accepled the theoretical as-
sumption that the frequency of aberrant lymphocytes
is a surrogalte indicator for the genetic damage caused
by clastogens in target tissues. Today, chromosomal
aberrations in human peripheral lymphocytes are rec-
ognized as a valuable biomarker of effect, probably
the only one which was intcrnationally standardized
and validated (Carrano and Natarajan, 1988; Albertini
€t ak, 2000). Now is generally accepted that a high
frequency of chromosomal aberrations in peripheral
lymphocytes is predictive of an increased risk of
cancer {(Hagmar et al.,, 1998, Bonassi et al., 2000;
Smerhovsky et al., 2001).

Cytogenetic analysis of chromosomal aberrations
has been sugpested lo be a useful tool for check-
ing whether a safe maximum allowable concentra-
tion (MAC) has really been established (Sram and
Kuleshov, 1980; Sram, 1981). The MAC of a chemi-
cal is defined as the maximum concentration of a gas,
vapor or acrosol in the werking atmosphere that, ac-
cording to contemporary scientific knowledge, does
not adversely affect the health of exposed humans.

The curve in Fig. | represents a simplified model
situation in which the exposure (concentration of the
chemical in the working atmaosphere integrated over
time) is related to a measurable effect such as the fre-
quency of aberrant cells (AB.C.). It is assumed that
a clastogenic exposure that docs not increase the fre-
quency of adverse effects over the level found in a suit-

_able control (unexposed) population (B) is expected to
be safe. According to this reasoning, the MAC should
be set below the threshold level (T) for clastogenic
action (Sram, 1981).

The Auorescence in situ hybridization (FISH) tech-
nique became available for public health purposes sub-
stantially later, in the middle of 1990s. In comparison
with conventional cytogenetic analyses, which detects
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% AB. C,

-

MAC T Concentration

Fig, 1. Principle of establishing the MAC. (%) AB.C.: percentage
of aberram cells; B: background [requency of abermant cells deter-
mincd in suilable controls; T: threshold ¢oncentration of pollutants
in working atmosphere; MAC: moximum allowable concentration
is se1 below the threshald value.

particularly unstable types of aberrations, the FISH
using whole chromosome painting was developed as
a rapid and sensitive method of detecting structural
rearrangements, especially reciprocal translocations
(Swiger and Tucker, 1996; Pressl and Stephan, 1998).
Furthermore, this method is substantially more sensi-
tive, reliable and definitely less laborious.

The FISH painting methods have been often applied
in the field of ionizing radiation research. Several re-
ports are available on the effects of ionizing radiation
on lhe frequency of chromosomal aberrations deter-
mined by FISH (Natarajan et al,, 1996; Lindholm
el al., 1998; Matsumoto et al., 1998; Hoffmann et al.,
1999). As far as the e¢xposures to chemical clasto-
gens are a matter of interest, the available data js still
scant, Only few reports were published: Rube$ et al.
(1998) investigated association between exposure 1o
cytostatic drugs and the frequency of chromosomal
aberrations determined by FISH, Verdorfer et al,
(2001) focused on the effect of mililary waste dis-
posal, and Tucker et al. (2003) studied effects of an
exposure to pesticide phosphine. Besides, the aneu-
somy or translocations of chromosomes expected to
be related to lenkemogenesis in benzene exposed
workers were investigated {¢.g. chromosomes # 8 and
21 or # 7 and 8; Smith et al., 1998; Zhang ct al,,
1999).

Therefore, we decided to carry out a study, the ma-
Jor aim of which was to cvaluate advantages and disad-
vantages of the conventional cytogenetic analysis and
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hybridization in situ Auorescence (FISH) lechnique
with whole chromasome painting for chromosomes 1
and 4 from the point of view of a detection of chromo-
somal damage in occupationally exposed human pop-
ulations. Both methods were used 10 analyze the level
of genetic damage in subjects exposed to 1,3-butadiene
(BD), acrylonitrile, cthyl benzene, and carcinogenic
polycyclic aromatic hydrocarbons. Including controls,
we analyzed data on 383 subjects.

2. Materials and methods
2.1, Study subjects

The clastogenic effects of 1,3-butadiene were stud-
ied in 82 workers recruited in a chemical plant; 23
workers were involved in a monomer production, 34
workers were involved in polymer production and 25
matched control subjects were selected in the plant
administration. The exposure to BD was measured by
personal monitoring for 8 h work shift using diffuse
solid sorbent tubes. Each subject’s exposure was mea-
sured on ten separate occasions over a 60-day period
{Albertini et al., 2003).

The effects of acryloniirile (ACN) were studied in
the 45 males involved in the polymerization of India
rubber and 23 matched controls living in the same re-
gion (controls 1) and additional 33 unexposed conirols
from Prague (controls I1). Workers were exposed in the
last 3 months before blood sampling to 0.05-0.3 mg
ACN/m?® according to stationary monitoring {Sram
et al., 2001).

The group of 39 male workers exposed o cthylene
benzenc and benzene was recruited in a production
line. The concentrations of ethyl benzene at work-
places ranged from 0.2 to 13.1 mg/m? and concen-
trations of benzene ranged from 0.4 to 15.1 mg/m3
according to stationary monitoring. The control group
consisted of 55 matched control subjects.

The cytogenetic endpoints were studied in 50 male
police officers spending > 8 h outdoor and 48 matched
controls spending > 90% of daily time indoor. The
exposure lo air bom dust and c-PAHs, respectively,
were measured by personal monitors for the collec-
tion of PM 2.5. The participants carried the monitors
for 8 h working shift. The samples of bloed and urine
were taken at the end of the shift. The personal mon-
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itoring was supplemented with data from stationary
air pollution menitors located in Prague. The follow-
ing levels of air pollution were recorded during the
study period: PM10 62.6 ug/m?, c-PAHs 24,7 ng/m?,
B[a]P 3.50 ng/m’. Personal monitoring results for ox-
posed population at the days of sampling were c-PAHs
12.04 % 11.10ng/m?, B[a]P 1.79 £ 1.67 ng/m?, for
controls c-PAHs 6.17 13 .48, B[a]P 0.84+0.60 ng/m?®
(Binkova et al., 2002).

Peripheral blood samples were taken from healthy
subjects, all were males and all were volunteers. The
frequency of chromosomal aberrations in an exposed
group was compared with a suitably matched control
group. All individvals were interviewed and com-
pleted questionnaire on demographic dala, occupa-
tional and environmental expasures, smoking habits,
medication, X-ray examinations, viral infections, and
aleohol consumption within 3 months preceding blood
sampling. The research conformed to the Helsinki
Principles.

2.2, Culture conditions

Whole vencus blood cultures were established
within 24 h after blood collection in the sodium-hepa-
rinised tubes, according to the method described by
Sorsa ct al. {1994). Lymphocyte cultures were set
up in the tissue culture fasks, each culture contain-
ing 0.6ml of whole blood and 7.5ml of medium
(cultivation medium for one culture was composed
from RPMI 1640 Sevac 1.06 ml, calf serum Opavac
L.80ml, distilled water 4.24ml, glutamine .10 ml,
NaHCO; (7.5%) 0.16 ml, PHA HA-15 Murex, UK,
0.10ml). The cultures for chromosomal aberrations
were cultivated at 37 °C for 48h, Two hours before
the end of cullivation Colchicine (Fluka) was added
in a final concentration of 0.5 pg Colchicine/ml cul-
ture. The cells were then treated with a hypolonic
solutton of KCI (0.075 M) for 10 min and fixed. After

- processing of the cultures and preparation of slides,

slides were dried and stained afier 24h with 5%
(pH 6.8) solution of Giemsa-Romanowski, randomly
numbered and scored “blind™ in numerical order.
The cultures for the FISH were harvested after 72 h
of incubation to obtain a sufficient number of mitoses.
Colchicine (Fluka) was added to a final concentration
of 0.5 pg/ml 2 h before the end of the incubation. The
cell suspensions were stored at —20°C. Slides were
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prepared using the air-dry method always day before
painting by FISH.

2.3, Comventional chromasomal analysis

Classification of chromosoemal abérrations sug-
gested by Carrano and Natarajan {1988) was used.
"One hundred well spread metaphases with 46 4 1
centromeres per subject were analyzed in 1000 times
magnification. Chromatid plus chromosome breaks
and chromatid plus chromosome exchanges were
scored as chromosomal eberrations. Aberrant cells
were determined as cells bearing breaks and ex-
changes. Gaps were registered but were not included
in the score of aberrant cells. As another measure of
aberration frequency the quantity of breaks per cell
(B/C) was calculated.

2.4. Fluorescence in situ hybridization (FISH)

FISH analysis using commercial WCP probes dif-
fering in colors (Cambio, UK) for chromosomes |
and 4 was carried out according to the manufacturer's
chromosome painting protocol. Unpainted chromo-
somes were counterstained with DAPL. The slides
were mounted in antifade solution and stored at 4° C
in the dark. 1000 metaphases were examined for each
subject. Zeiss Axioskop equipped with CCD camera
and triple-band pass filter for DAPI and fluorochrome

tracers (FITC and Cy3) was used for visualization -

{Rubes et al., 1998). 1S1S software (MctaSystem, Ger-
many} was used for digitalization, detailed scanning
and storing of each aberrant metaphase.

All aberrant cells were classified according to the
Prolocol for Aberration Identification and Nomen-
clature (PAINT) (Tucker et al.,, 1995). The Protocol
defines translocations as follows: translocation is a
rearranged chromosome with a single centromere and

R.J Sram et al. / Toxicology Letters 149 (2004} 335-344

is to be counted as an aberration; the translocated
chromosome must exhibit at least two colors.

Genomic frequencies (Fg) of stable chromosomal
exchanges were calculated according to Lucas and
Sachs (1993) using the equation: Fg Frgf2.05
Ll = fO) + fo(l — fo)-1r fg- Frg is the translocation
frequency measured by FISH after two-color paint-
ing, fr and f; are the fractions of the genome painted
red and green, respectively.

3. Results
3.1. Occupational eprsure to I 3-butadiene

In case of 1,3-butadiene exposed group neither con-
ventional cytogenetic analysis nor FISH with whole
chromosome painting detected statistically significant
differences in the frequency of chromosomal aberra-
tions. The results are presented in Table 1. Because
the Fg/100 of controls (2.6742.13) was unexpectledly
high and significantly different from other control
subjects examined in the Czech Republic, we attempt
to reanalyze the data after excluding all subjects
with suspected clonality. The results of reanalysis are
shown in Fig. 2. We found the Fg/100 of 1.72+1.14
in the monomer production workers, 2.73 £ 1.5] in
workers involved in polymerization, and 2.06 & 1.31]
in controls. The differences between the Fg/100 found
in the polymerization unit and both remaining groups
reached the 0.05 level of statistical significance.

Also chromosomal aberrations determined by con-
ventional method were elevated over historical con-
trols (Réssner, 2000). These controls were obtained
from several sources in the Czech Republic and may
not be strictly comparable to occupationally exposed
subjects. The analysis of questionnaire responses did

Table 1
Cccupationsl cxposure 10 1,3-butadienc
Group N Exposure Conventional analysis N FISH 1

(mg/m®)

AB.C, (%) B/C Fgh00 AB.C. (%)

Monomer 23 {0,051-3.515)  0.642 152 £ 120 ©0018+£0015 23 235+236 033024 5090 %452
Polymer 34 {0.142-9.245) 1.794 1.54 £1.05 0018 £ 0014 31 310+ 192 046 £033 706+ 528
Conlrols 25 (0-0.084) 0.023 156 £ 1.23 Q018+ 0015 29 267213 037027 583490

AB.C. (%): aberrant cells carrying chromesomal aberrations, B/C: breaks per cell, Fg/100: genomic frequencics of slable chromosomal

exchanges, 11 trunslocations/ 1000 cells.
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XS

@ Monomer W Polymer O Controls

N=23 N=34 N=25
% AB.C.

N=24 N=28 N=15
Fs/100

Fig. 2. Effect ol 1,3-buladiene exposure. Convenlional vs. FISH methed. * P < 0.05 (comparing polymerizalion unit vs. monomer produttion
unit and controls). (%) AB.C.: percentage of aberrant cells by conventional method; Fg/t00: genomic frequency of wranslocations by FISH.
(Exposure to [,3-buladiene: monomer preduction unit 0.642 mg/m®, polymerization unit 1.794 mg/m?, controls 0.023 mg/m?.)

not reveal a reason for the clevation of aberrations in
control subjects, but we could exclude BD exposure
as the cause. So the only effcct was seen using FISH
analysis comparing polymerization workers and con-
trols 25 well as monomer unit workers, after the ex-
clusion of subjects with a possible clopality. When
this approach would be acceptable, it would indicate a
higher sensitivity of FISH to BD exposure compared
to conventional method, as well as the conclusion that
BD exposure higher than 1 mg/m?, which is the ba-
sic difference between polymerization unit exposure
and monomer production unit exposure, could induce
stable translocations.

3.2. Occupational exposure to acrylonitrile

The conventional cytogenetic analysis did not reveal
any differences in the frequency of chremosomal aber-
rations determined in the acrylonitrile-exposed group,
control group I and control group U, respectively. The
FISH technique, however, detected significant differ-
ences (P < 0.05) between the frequencies of chro-
mosomal aberrations in exposed and control group 1
when compared with the control group [1. The results
of this comparison are shown in Table 2. It is also
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worth to mention that smoking did not influenced the
frequencies of ranslocations in any assayed groups.
On the other hand, the frequency of stable aberrations
was positively correlated with age (R = 0375, P <
0.001), and negatively with the plasma level of Vita-
min C (R = —0.213, P < 0.05) (Sram et al., 2001).

The obtained results indicate that occupational ex-
posure to concentrations of 0.05 — 0.3 mg ACN/m?
does not represent a significant genotoxic risk. Differ-
ence between ACN and control I groups versus con-
trols II by FISH implics a possible effect of other
factors in the region of petrochemical industry, which
may increase the level of stable translocations.

3.3. Occupational exposure to ethyl benzene
L]

Ethyl benzene is produced by benzene alkylation by
cthylene. During the production process, workers are
exposed to a mixture of several chemicals, especially
ethyl benzene and benzene.

In the cthyl benzene-exposed groups, both com-
pared methods indicated a significant increase in the
frequency of the aberrations. The results are pre-
sented in Table 3. Unusually high levels of chromo-
somal damage initiated an implementation of several
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Table 2

Occupalional exposure to acrylonitile

Croup N Cenventicnal analysis FISH I

AB.C. (3%) B/C Fg/100 AB.C. (%0)

Exposed 45 2.04 £ 1.3} 0.022 + 0.015 2.03 £ 118" 036 L 0.21 542 £ 3.17°
Smokers 28 214 + 1.30 0.024 X 0.015 222 £+ 138" 038 & 0.24 593 £371°
Noensmokers 17 1.88 £ 1.36 0.020 X 0.015 1.71 £ 0.66 0.31 20,15 459 £ 1.7

Controls 1 23 2.65 X 2.29* 0,028 X 0.025 2.01 123 0.35 £ 0.21 539 £330
Smokers 1l 245 + 2.81 0.028 + 0.032 2.00 £ .43 0.34 £ 0.23 3.36 £ 3.83
Nensmokers 12 283 £ |.80" 0.028 + ©.018 2,02 £ .09 0.36 £ 0.19 542 + 291

Contrels I i3 1.73 £ 135 0.019 + 0.017 1.47 £ 1.50 0.28 £ 0.22 394 £ 4.02
Smokers 8 1.88 + 1.13 0.020 £+ 0.013 1.22 + 0.74 0.23 £ 0.15 325+ 1.98
Nonsmokers 25 1.68 + 1.44 0019 & 0.018 1.55 = 1,68 0,30 + 0.24 4.16 + 4.49

AB.C. (%): aberront cells comrying chramosamal aberrations, B/C: breaks per cell, Fg/100; genomic frequencics of stable chromosomal

exchanges, #; Iranslecations/ |1 000 cetls.

* P < 0,05 (comparing exposed group and conitrols I vs. controls 11).

industrial hygienic measures in the production line,
which was followed by a significant decrease in the
workers' exposures. A sample of 12 workers, who
had originally more than 5% of AB.C., was cytoge-
nctically tested after the 10 months peried, and the
resulls confirmed improved working conditions. The
frequency of aberrant cells determined by the con-
ventional cytogenctic analysis decreased in these sub-
jects from 4,17 £ 2.08 to 2.75 £ 1.14% AB.C. (P <
0.05). The percentage of aberrant cells determined
by FISH decreased from 0.79 £ 0.33 to 0.37 £ 0.20
(P =« 0.001), Fg/100 decreased from 4.57 £ 2.15 to
2.18:+£1.25 (P < 0.001) and the frequency of translo-
cation per 1000 cells from 12.2545.75t0 5.83£3.35
(P < 0.001) (Fig. 3).

3.4.. Occupational exposure to carcinogenic PAHs

PAHs arc widespread environmental pollutants that
are derived mainily from incomplete combustion. The
major sources are motor vehicles, residential heat-
ing, power plants, etc. PAHs comprise a portion of
organic matter adsorbed onto respirable particles
(«2.5 um). As carcinogenic PAHs (¢c-PAHs) are un-
derstood benz[a]anthracene, benzo[bJAuoranthene,
benzo[k]fluoranthene, benzo[a]pyrene (B[a]P), benzo-
[g,h,i]perylene, chrysene, dibenzo[a,h]lanthracene and
indeno[1,2,3-cd}pyrenc. Policemen represent a model
group, which is highly exposed to ambient air pollu-
tion as they spend the most of their working hours
outdoors. The use of different biomarkers of exposure,

Table 3

Occupational cxposure 10 cthylbenzene

Group N Conventional analysis FISH i

AB.C. (%) B/C Fg/lod AB.C. (%)

Exposed 39 3.28 & L0 0.036 + 0.019"" 3.06 £ 2,13 0.56 + 031" 8.21 + 5.63""
Smokers 25 344 + 1617 0.038 & 0.020** 295 + 2,05" 0.57 £ 0.33*" 8.00 &k 5.42°
Nonsmokers 14 3.00 X+ 1.88° 0.031 + 0.019* 3.25 £ 233" 0.54 £ 0.30*" 8.57 £ 6.20""

Controls 55 205+ 1.53 0021 + 0.016 1.63 = L.30 0.29 £ 0.21 435 + 3.50
Smokers 13 2.08 + 1.80 0.021 + 0.018 1.81 £ 1.07 0.31 £ 0.16 4.77 £ 297
Nonsmokers q2 205 + 146 0.021 £ 0.015 1.57 £ 1.37 0.29 £ 0.22 4.21 + 3.67

AB.C. (%): abermant cells camrying chromosomal aberrations, B/C: breaks per cell, Fg/100; penomic frequencics of stable chromasomal

exchanpges, £ translocations/ 1000 cells,
* P <05
" P <001,
‘P < 0001,
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34]

20

% AB.C.
Conventlonal

% AB.C,
Flucrescence In situ hybridization

Fei100 /1000

Fig. 3. Eihyl benzene: effect of implemented preventive measures. Conventionsl vs, FISH methed. Hatch columns—sampling in January
2002, empty columns—sampling in November 2002. P < 0.05, " P < 0.001, {%) AB.C: percentage of aberrant cells, Fg/100: genamic
frequency of tmnslecations by FISH, #1000: translocations per 1000 cells,

cffects and susceptibility for this type of occupational
exposure was assessed {Binkova et al,, 2002; Sram
et al., 2002} .

The conventional cytogenctic analysis did not re-
veal any differences between the group of police of-
ficers exposed to the ambient air pollution and the
control group. Furthermore, there were no differences
in smokers and nonsmokers between the groups and
within the groups. The results are given in Table 4.
In contrast, the FISH technique with whole chromo-
some painting detected a significant increase in all

studied endpoints in the police officers (P < 0.05).
This difference is the most apparent between exposed
and unexposed nonsmokers Fg/100 {1.56 &= 1.34 ver-
sus 1.14+ 1.02, P < 0.06). )

We fried to identify the most important predictors
of the conventional cytogenetic cndpoinis as well
FISH endpoints using multivariate regression, The
frequency of aberrant cells determined by conven-
tional methods was associated with the polymor-
phisms of CYP1Al-Ile/Val, XPD exon 6 and XPD
exon 23 (R = 0.38, P < 0.001). The frequency of

Table 4

Occupalional exposure 1o ¢arcinogenic PAHs

Group N Conventional analysis FISH . r

AB.C. (%) B/C Fg/l00 AB.C, (%)

Exposed 50 226 + 1.52 0.028 + 0.023 1.72 £ 1.57* 0.33 £ 0.25* 4.62 + 4.21*
Smokers 17 2,18 + 137 0.026 + 0.021 2024195 0.39 + 0.32 541 £ 5.21
Nonsmokers 1 230 % 1.57 0.028 & 0.024 L.56 + 1,34 0.29 + 0.20" 421 £ 3.61

Conirols 48 194 4+ 1.29 0.022 & 0.015 1.25 £ L.11 0.24 £ 0.18 335 & 2.99
Smokers [ 2.00 £ 210 0,022 + 0.025 205 £ 1.51 0.40 £ 0.23 5.50 + 4.04
Nonsmokers 42 1.93 £+ 118 0.022 + 0.014 .14 £ 1.02 022 + 0.16 305+ 273

AB.C, (35): abermant cells camrying chremosomal aberrations, B/C: brenks per cell, F5/100: genomic frequencies of stable chromosomal

exchenges, 1; translocations/ | 000 cells.
* P <005
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translocations determined by FISH was associated
with age, smoking, folic acid levels, B(a)P-like DNA
adducts (comresponding to the exposure of c-PAHSs),
polymorphisms of CYPlAl-Ile/Val, GSTP1, EPHX,
and MTHFR (R = 0.58, P < (1.001).

4. Discussion

We aftempt to compare Ihe ability of conventional
cytogenetic analysis and FISH technique with whole
chromosome painting for chromosomes 1 and 4 to
detect chromosomal damage in occupationally ex-
posed populations. In this context, the advantages of
the FISH techniques, such as better sensitivity, relia-
bility and objectivity arc usually discussed. However,
practical experiences with the use of these techniques
for biomonitoring of clastogenic exposures are lim-
ited. Therefore, we applied both methods on the
same¢ occupationally exposed groups and matched
controls to- see the differences in results. Most of
all we were intcrested in the sensitivity of these
melhods under conditions common in public health
practice,

Results showed significant clastogenic activity of
ethyl benzene and benzene. The increase of chromo-
somal aberrations was interpreted by the occupational
physician as the risk for exposed subjects. This be-
came lhe reason 1o establish skrict preventive mea-
sures, the use of personal protective equipment during
each process, when workers are exposed lo benzene
and ethyl benzene. Substantial decrease of observed
translocations after 10 months may be understood as
a successful health intervention.

In the group occupationally exposed to cthyl ben-
zene, the decreasc of translocations seems to be more
pronounced than the decrease of chromosomal breaks
by conventional method. Usually, it is expected that
stable translocalions should circulate in lymphocytes
longer than unstable chromosomal breaks. Hoffmann
et al. (1999) evaluated the decline in cells bearing
translocations to be ~13% per division, The infor-
mation about exposure to carcinogens and persistence
of translocations detected by FISH are lacking. Qur
data are first on this topic. They indicate, that sub-
stantial dcerease in personal exposure to ethyl ben-
zene and benzene in the course of more than 6 months
can also decrease the level of stable translocations
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detcrmined in peripheral lymphocytes, We can hy-
pothesize that ¢ells carrying several translocations do
not circulate for years, but may be also eliminated
as cells carrying chromosomal breaks. It seems to
be pertinent to use FISH analysis repeatedly on the
same subjects, trying o specify the relationship be-
tween the exposure and effect {expressed as stable
translocations).

An occupational exposure to ¢-PAHs point cut that
cxposure lo ambient air pollution during working
shifts may also induce DNA damage. As very im-
portant result is finding of the relationship between
B[a]P-like DNA adduct and the frequency of translo-
cations by FISH, corresponding to the cxposure of
¢-PAHs. We may conclude that FISH analysis indi-
cate that police officers in Prague represent a group
of the increased genotoxic risk.

To summarize, all our results suggest, that the FISH
technique is more sensitive than the conventional
cytogenetic analysis. It was particularly apparent in
case of police officers exposed to the levels of air
pollution common in urban environment. In con-
trast to the FISH, the conventional method was not
eble to detect a chromosomal damage under these
conditions,

In spite of the fact that most of features make the
FISH superior to the conventional method, there is
one circumstance, when an interpretation of results
obtained by FISH and conventional method may dif-
fer. The FISH detects translocations, which are long
Iasting injuries likely transferred through many cell
cycles. It means, that the FISH measures the type
of chromosomal changes related to cancer and that
ihese changes may circulate in PBL for a long period
of time. However, we have observed the decrease
in the level of chromosemal aberrations determined
by the FISH within the period of 10 months, It
secems, that it will be possible to use this method
in the similar way as the conventional analysis not
only to detect the exposure to clastogens but also
to check an efficiency of improvements of working
conditions.

The method of FISH seems to be a more sensi-
tive method to detect clastogenic activity than conven-
tional method. The translocations detected by -FISH
represent a sensilive biomarker of ¢ffect to evaluate
the rtsk of occupational exposure 1o mutagens and car-
cinogens,
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